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 Preface 
Mixed valent manganites based thin films, heterostrucutes and devices are 
becoming useful materials for different applications due their fascinating interrelated 
structural, microstructural, transport, magnetotransport, magnetic properties. Studies 
on manganite devices have opened up several exciting and interesting possibilities for 
research in condensed matter physics and their applications such as read - write 
heads, IR bolometers, field effect devices, field and temperature sensors etc. The 
delicate interplay between the kinetic and electrostatic energies of mobile charge 
carriers and their coupling to lattice and the strong coupling between spin, charge and 
lattice degrees of freedom in manganites, lead to a wide range of striking physical 
phenomena exhibited by them. The rectifying behavior of the manganite based p-n 
junction heterostructure depending on the temperature, magnetic field, thickness etc 
finds many applications in the p-n junction applicability as compard to the 
conventional p-n junction diodes. The variation in the saturation voltage (extracted 
from the I-V curves) with temperature, magnetic field and the thickness of the 
manganite results into some interesting puzzling positive MR property of the 
heterostructure. ZnO-Manganite based heterostructures were studied using various 
physical properties (mainly structure, microstructure, electrical transport, magneto 
transport etc). The ZnO-Manganite based p-n junction heterostructures were 
synthesized using PLD facility at UGC - DAE Consortium for Scientific Research, 
Indore, India. Most of the experimental tools of characterization at UGC - DAE 
Consortium for Scientific Research, Indore, India, has been used. 
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                                                                Introduction to Thin films and Heterostructures 
1.1 Introduction 
The beginning of “Thin Film Science” can possibly be traced to the observations 
of Grove [1] who noted that metal films were formed by sputtering of cathodes with high 
energy positive ions. Since then it has come a long way and today it is no longer a subject 
of some casual academic interest but has become a full fledged discipline. The 
phenomenal rise in thin film researches is, no doubt due to their extensive applications in 
the diverse fields of electronics, optics, space science, aircrafts, defence and other 
industries. These investigations have led a numerous inventions in the forms of active 
devices and passive components, piezo-electric devices, micro-miniaturisation of power 
supply, rectification and amplification, sensor elements, storage of solar energy and its 
conversion to other form, magnetic memories, superconduction films, interference filters, 
reflecting and antireflection coatings and many others.  
The present developmental trend is towards newer types of devices, monolithic 
and hybrid circuits, field effect transistors (FET), metal oxide semiconductior transistors 
(MOST), sensors for different applications, switching devices, cryogenic applications, 
high density memory systems for computers etc.  
Whatever be the film thickness limit, an ideal film can mathematically be defined 
as a homogenous solid material contained between two parallel planes and extended 
infinitely in two directions (x, y) but restricted along the third direction (z), which is 
perpendicular to the x-y plane. The dimension along z-direction is known as the film 
thickness (d or t). Its magnitude may vary from a limit d→0 to any arbitary value say to 
10 µm or more but always remaining much less than those along the other two directions 
i.e. x and y. 
Some of the factors which determine the physical, electrical, optical and other 
properties of a film - rate of deposition, substrate temperature, environmental conditions, 
residual gas pressure in the system, purity of the material to be deposited, inhomogeneity 
of the film, structural and compositional variations of the film in localised or wider areas 
etc. 
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1.2 Thin Films and Their Growth 
In order to obtain fine quality thin films for device applications and for better 
understanding of properties, the concepts regarding the nature of the films should be 
understood. The ideal condition of the film formation involves the deposition of the 
material atom by atom (or molecule by molecule) and layer by layer with proper time 
interval between the two successive depositions so that, they can occupy the minimum 
potential energy configuration with respect to the substrate and subsequently on the 
previously deposited layers. In a thermodynamically stable film all atoms should be in 
their minimum potential energy sites and the incoming atoms will take up positions and 
orientations energetically compatible with the neighbouring atoms of the substrate or to 
the previously deposited layers.  
Hence, the occupation sites of freshly arrived atoms will be determined 
energetically, both, by the substrate and the previously deposited atoms or layers. On 
further building up of the layers, effect of substrate or the initial layers will gradually 
diminish, but the influence of the freshly formed layers will always be present on the 
incoming atoms to determine their occupation sites. However, all deposition processes 
are carried out in environments which are far from the idealised deposition conditions 
and hence neither the successive atomic layers have sufficient interval of time for 
achieving the thermodynamical equilibrium condition nor a layer is completed before the 
formation of the second or even the third or other layers start. These deviations from the 
idealised condition of deposition result in the formation of meta-stable films. Moreover, 
the thermodymical conditions may change with time requiring a change in equilibrium.  
Further, the impinging atoms may or may not uniformly cover the entire surface 
of the substrate in the first spurt of deposition which may be related to the substrate state 
and hence will occupy only a fraction or specific part of the substrate surface. So the 
atoms deposit preferentially on certain sites in the initial stage leading to assemblages of 
atoms known as nuclei or clusters. These nuclei, however, may increase laterally to form 
monolayers over a small area and later on also in thickness with the fresh arrival of more 
atoms. The increase in the sizes of these nuclei is also accompanied by the fresh 
deposition of atoms at newer sites of the uncovered portions of the substrate surface. 
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These new nuclei or clusters along with the earlier ones will increase laterally as well as 
in height with the arrival of fresh atoms. The gaps in between these nuclei will decrease 
gradually, eventually a continuous film will be formed at a certain average film thickness.  
The following properties illustrate various mechanisms occurring at different 
stages of film growth.There are several stages in the growth process, from the initial 
nucleation of the deposits to the final continuous three dimensional film formation state. 
1) Nucleation (including condensation of vapours, adsorption of atoms, migration    
    of ad-atoms, formation of critical nuclei, stable clusters etc) 
2) Island structure 
3) Coalescence of island with gaps in between 
4) Channel Stage  
5) Continuous film stage 
These sequences are discussed in brief and schematically illustrated in fig. 1.1. 
 
Fig. 1.1 Schematic diagram showing stages of thin film growth 
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1) Nucleation  
Nucleation or small cluster formation is the primary process for all deposition. 
The common process of addition, adsorption, desorption, migrations, etc. of atoms is 
called nucleation or small cluster formation which is schematically shown in fig. 1.1 (a).  
 
2) Island Structure  
The schematic representation of island structure is illustrated in fig. 1.1 (b). The 
islands consist of comparatively larger nuclei (> 10 Å) and generally of three dimensional 
nature with their height, however, much less then their lateral dimensions. The formation 
of these islands and their growth take place either by direct addition of atoms from the 
vapour phase or from other environment or by the diffusion controlled process. The 
diffusion controlled process is moreover commonly observed except at low substrate 
temperature.  
 
3) Coalescence  
As mentioned in the second stage, as islands grow they develop some 
characteristic shapes and then with further growth, coalesce with the neighbouring ones 
by rounding off their edges near the joining region (neck) where these deposits assume a 
liquid like structure. The coalescence involves considerable transfer of mass between 
islands by diffusion. Small islands disappear rapidly. The process resembles the sintering 
of bulk powder where the individual particles assume spherical shapes due to the 
lowering of their surface energies. During coalescence of two islands which occurs at 
their necks recrystallisation as well as annealing takes place leading to some definite 
shapes of larger islands [figs. 1.1 (c) and (d)]. The time of coalescence is very short ~ 0.6 
second. This process can take place amongst islands which are appropriately positioned 
and the coalesced islands generally become triangular or hexagonal shaped as a result of 
the rapid decrease of the uncovered substrate surface area followed by a slow rise of it.  
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4)  Channel and Holes 
As the coalescence continues with deposition, there will be a resultant network of 
the film with channels in between [fig. 1.1 (e)]. These channels do not remain void, but 
the secondary nuclei start to grow within these void spaces in the channel. With further 
deposition, these nuclei will increase in size along with the film thickness in addition to 
formation of new islands via stage (i) and eventually join the main islands or aggregate 
by bridging the gaps. It is likely, that the joining of secondary islands to the parent body 
may not be completed or these may not be in a perfect matching arrangement with the 
main aggregate. As a result some strain may develop due to the stress in between them 
caused by an insufficient surface or volume mobility or even because of the non-
coalescence at the peripheries. The resultant effect of mis-matching of these is the 
formation of grain boundaries. Some times these channels may not be completely filled 
up even with increasing film thickness thus leaving some holes or gaps in the aggregate 
mass [fig. 1.1 (f)]. With increasing film thickness, these holes or gaps will decrease in 
size. 
 
5) Continuous Film 
When these gaps are completely bridged by the secondary nuclei, films will be 
continuous. However, it often happens that some void space may still remain unbriged. In 
an ideal continuous film there should not be any gap in the aggregate mass. Such a stage 
in the film can be attained at certain average film thickness [fig. 1.1 (g)]. The minimum 
film thickness for the continuous stage is also dependent on the nature of the deposits, 
modes of deposition, deposition parameters etc. The growth of the film also involves 
recrystallization and often annealing processes. If the deposits do not have sufficient time 
for recrystallisation or annealing before the subsequent uni or multi coalescence takes 
place, the film will be in a metastable state. The subsequent layers formed over them will 
also be in such state. Thermal annealing treatment for a sufficiently long period of time 
will cause migration or diffusion of some atoms leading to a stable phase. This is known 
as ageing of films. 
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1.3 Introduction to Manganite Thin Films 
Manganite films possess dramatically different physical properties as compared to 
their bulk counterparts. Besides the discovery of the large room temperature (RT) 
magnetoresistance (MR), the renewed interest in manganite perovskites has been boosted 
due to the ability to synthesize high quality manganite thin films. The emergence of 
epitaxial metal oxide films has been one of the most attractive subjects for the condensed 
matter community which was primarily stimulated by the discovery of high temperature 
superconductors (HTSC) and by the discovery of CMR effect in the manganite 
perovskites. Development of various film synthesis techniques such as sputtering, 
molecular beam epitaxy (MBE), metal organic chemical vapor deposition (MOCVD), 
pulsed laser deposition (PLD) has proved to be useful for manganite thin film deposition. 
PLD is used extensively to synthesize manganite based thin films and devices. Thin films 
of manganite oxides are highly sensitive to the strain effect which offers the possibility of 
studying influence of strain on various properties such as metal to insulator transition 
temperature (TP), ferromagnetic to paramagnetic transition temperature (TC), structure 
and microstructure / morphology as well as the transport properties (I-V and magneto I-
V) [3, 4]. 
The growth of a film on a substrate induces a structural strain due to lattice 
mismatch between the film and the substrate. The values of Mn - O bond length, D, and 
Mn - O - Mn bond angle, θ, can be altered by substitutions [5], external pressure [6] 
and/or strain introduced by the lattice – substrate mismatch [7]. The electrical, 
magnetoresistive and magnetic properties of the manganite films are sensitive to the 
annealing temperature and time, annealing environment, substrate used etc. The lattice 
mismatch between the substrate and the film leads to the lattice strain which can be 
calculated using formula, δ% = [(dsubstrate – dfilms) / dsubstrate] × 100. Positive or negative 
value of δ indicates a tensile strain or compressive strain in the film. These strains can be 
very effective in manipulating the electrical transport, magnetotransport and magnetic 
properties of the films. Therefore, the film thickness plays an important role in the 
property modification. In addition, the structural, microstructural, electrical transport, 
magnetotransport, magnetic, thermal etc can be finely tuned by the interface and surface 
I - 7 
 
       
                                                                Introduction to Thin films and Heterostructures 
nature of the manganite films. Both, surface and interface are important and effective 
parameters to tune the physical properties of the films as per their desired applications. 
The current trend in the development in manganite research is towards the 
fabrication of novel type of devices, monolithic hybrid circuits, field effect transistors 
(FET), metal oxide semiconductor transistor (MOST), sensors for different applications,      
switching devices, cryogenic applications, high density memory systems for computers, 
etc. In depth, investigations are in progress not only in the field of basic thin film physics 
but also in materials science, thin film circuit design, etc. to cope up to the demand of 
industries. Film properties are sensitive not only to their structure but also to many other 
parameters including thickness especially in the thin film regime. Hence the control over 
the parameters, other than structure, is crucial for reproducible electronic, 
magnetoelectronic, magnetic, dielectric, optical and other properties. 
 
1.4  Manganite Based Devices (Literature Survey) 
The technological applications of manganite materials demand the material in the 
thin film form. Since most applications require thin films with good magnetic and 
electrical properties, it is of great importance to be able to prepare high quality single 
crystalline epitaxial films. For manganite thin films, the growth optimization has become 
possible by benefiting from studies of high temperature superconducting thin films 15 
years ago. Indeed, because these oxides crystallize in the same perovskite structure, 
growth processes can easily be extended to manganite materials. A large amount of work 
has been devoted to develop and fabricate the manganite based devices applicable as field 
and temperature sensors etc. 
Lu et al first reported the fabrication of manganite based trilayered device 
consisting of one insulating layer sandwiched between two manganite layers. The 
epitaxial trilayer junction device in the form of [(top electrode) La0.67Sr0.33MnO3] / 
(insulating layer) SrTiO3 / [(bottom electrode) La0.67Sr0.33MnO3] was fabricated showing 
a large MR ~ 83% at 4.2 K under small applied field [8]. A first step towards 
miniaturizing the tunnel spin valve is the current-perpendicular-to-plane sandwich device 
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consisting of a pillar composed of two layers of ferromagnetic manganite separated by a 
SrTiO3 (STO) spacer layer has been constructed by Sun et al. [9]. Gradually, the 
development of three-terminal device based on manganite/superconductor 
heterostructures operating at liquid-nitrogen temperature [10] opened up a new 
perspective in high-speed electronics. Moreover Manganite/superconductor layer 
structures were found useful for ultrasonic wave amplification, thermal switching and 
thermocouple infrared detection [11]. In 1988, Fert and coworkers [12] and 
simultaneously Grunberg and coworkers [13], discovered a larger resistance change upon 
applying a magnetic field in multilayers of magnetic layers separated by nonmagnetic 
metal layers and called it giant magnetoresistance (GMR) effect. The origin of this effect 
is due to spin dependent electron scattering [14]. Then came the fabrication of the field 
effect transistor structures with a manganite channel and a ferroelectric dielectric layer, 
which have potential for non-volatile memory [15] 
 Moreover, recently the researchers have grown p-n junction devices using 
manganite, serving as a p-type material [16, 17] and various other substrates such as Nb 
or La doped LaAlO3/SrTiO3 [18, 19] serving as the n-type substrates or some n-type 
technologically important material such as ZnO, undoped Si [20, 21] etc. These 
bilayered/trilayered  junction device exhibit novel properties such as, diode like behavior, 
crossover in MR from positive to negative as a function of temperature, high field 
sensitivity and also modulation of all these distinct behaviors with the application of 
either electric or magnetic field. Moreover these devices also exhibit field (bias voltage) 
effect characteristics - changes in the junction resistance and modifications in their I-V 
rectification characteristics suitable for device applications. 
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1.5  Applications of Manganite Thin Films and Multilayers 
The fascinating and novel properties of mangantie based devices make it suitable 
for a variety of applications, discussed in brief – 
 
1. Magnetic memory read heads and spin valves  
The first step towards using the spin degree of freedom as a spin valve is 
magnetic multilayer composed of alternative ferromagnetic and nonmagnetic layers. The 
resistance of such a combined layer goes low when magnetic moment of both 
ferromagnetic layers is aligned in one direction and is high when they are antiparallelly 
aligned.This results into large magnetoresistance called as Giant MR (GMR). In spin 
valves, with application of very low field, the magnetic configuration can be switched 
and a large change in resistance is observed. Today, all computers & laptops use spin-
valves for read heads of the hard disc. The density of stored data has reached the 
saturation with conventional spin-valves. For further increase in the density of stored 
data, the magnetic tunnel junctions (MTJs) have been explored where current passes in 
current perpendicular to plane (CPP) mode [22, 23]. 
 
MTJs and MRAM 
MTJ is a trilayered junction in which two ferromagnetic layers (electrodes) are 
separated by a thin insulating layer (fig. 1.2). The electrons can tunnel through the 
insulating layer. Moreover, the probability for electrons tunneling through the insulating 
barrier depends on spin direction, either parallel or antiparallel configuration. MTJs 
having tiny dimension (in the micron range) can be fabricated by lithographic techniques 
and are applicable for computer memory, known as Magnetic Random Access Memory 
(MRAM) (fig. 1.4). Every single junction can store one bit of data say “0” for the parallel 
configuration and “1” for the antiparallel configuration. 
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Fig. 1.2 Schematic diagram representing a MTJ 
 
Unlike conventional RAM, in MRAM, data is not stored as electric charge current 
flows, but by magnetic elements. The elements are formed from two ferromagnetic 
plates, each of which can hold a magnetic field, separated by a thin insulating layer. One 
of the two plates is a permanent magnet set to a particular polarity, the other's field can be 
changed to match that of an external field to store memory. This configuration is known 
as a spin valve and is the simplest structure for a MRAM bit. A memory device is built 
from a grid of such "cells". The simplest method of reading is accomplished by 
measuring the electrical resistance of the cell. A particular cell is (typically) selected by 
powering an associated transistor which switches current from a supply line through the 
cell to ground. Due to the magnetic tunnel effect, the electrical resistance of the cell 
changes due to the orientation of the fields in the two plates. By measuring the resulting 
current, the resistance inside any particular cell can be determined, and from this the 
polarity of the writable plate. Typically if the two plates have the same polarity this is 
considered to mean "1", while if the two plates are of opposite polarity the resistance will 
be higher and this means "0". 
Fig. 1.3 shows typical diagram of read/write head in a device. Data is written to 
the cells using a variety of means. In the simplest, each cell lies between a pair of write 
lines arranged at right angles to each other, above and below the cell. When current is 
passed through them, an induced magnetic field is created at the junction which the 
writable plate picks up. This approach requires a fairly substantial current to generate the 
field, however, which makes it less interesting for low-power uses, one of MRAM's 
primary disadvantages. 
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Fig. 1.3 Typical diagram showing the magnetic read / write head  
 
In future, the MRAMs are expected to reach similar capacity of storing data and 
access time as the current DRAM and SRAM. The key advantage of MRAMs over the 
conventional semiconductor based memories is that, they retain data even after the power 
is turned off. Moreover, the MRAMs have also an important advantage in terms of speed 
over the permanent memories of flash type used for mobile electronics.  
 
Fig. 1.4 Schematic representation of RAM formed of MTJ 
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2. Bolometer IR Sensors 
Owing to the striking properties of mangnaite films, such as high operating 
temperature, large temperature coefficient of resistance (TCR) and low noise ratio, they 
can be used in IR sensors (Bolometer) [fig. 1.5]. Manganite thin films exhibit large TCR 
value at reasonably higher temperatures which makes them suitable for application in 
bolometer. TCR defined as 1/R (dR/dT)×100 % is a measure of change in resistance per 
unit temperature. A conventional superconductor bolometer or bolometer based on V2O3,  
possesses TCR of ~ 3-4% while in La0.7Ca0.3MnO3, TCR as high as ~ 10-18% has been 
reported in bulk form which can be increased up to ~ 35% in thin films. Moreover, 
further attempts have been made by researchers to improve TCR and its operating 
temperature having low noise ratio by growing composites (manganite-metals), by 
substituting smaller size cation at A-site, by irradiating thin film of manganite by 
energetic Ag+15 Swift heavy ion (SHI) etc. 
 
  
 
Fig. 1.5 Schematic representation of bolometric pressure sensors   
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3. Hybrid HTSC-CMR Devices 
CMR materials are also used in HTSC-CMR hybrid devices. From the double 
exchange, the degree of polarization of the charge carriers is very close to 100%, unlike 
classical ferromagnets [25, 26]. This means CMR materials can be used as a source of 
spin-polarized charges for carrier injection studies. Furthermore, the CMR materials 
possess perovskite crystal structure, and hence can be grown epitaxially on high-TC 
superconductors. Keeping all these things in mind, researchers have grown hybrid HTSC-
CMR devices. In these kind of devices, current flows in the ferromagnetic CMR layer 
which decreases the JC of superconducting layer due to the pair breaking phenomenon by 
spin-polarized carriers while crossing boundary between the ferromagnet and 
superconductors [27-29]. This device can be used as FET. So, I-V characteristics as a 
function of gate current is well studied in these type of hybrid HTSC-CMR devices.  
 
Fig 1.6  Schematic diagram of HTSC-CMR device [30] 
 
4. Electric Field Effect Devices 
One more application of CMR materials is in the form of FETs having CMR layer 
combined with either dielectric layer or ferroelectric layer [31]. In these devices, one can 
observe electric field induced modulation in the resistance. In case of STO (dielectric) 
based device, polarity of electric field has no effect on the response of device but TP 
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shifts to lower temperature while in PZT (ferroelectric), large change in resistance has 
been observed [32]. 
 
1.6 Motivation of the present work 
 The manganites having general formula R1-xAxMnO3 ( R = rare earth trivalent 
cation, A = divalent cation) exhibit dual novel properties such as negative colossal MR 
and the metal-insulator (M-I) transition in the vicinity of magnetic transition 
(paramagnetic to ferromagnetic) which have been explained in terms of correlation 
between spin, charge and orbital degrees of freedom. The physical properties of these 
compounds depend on two main factors: divalent doping at R site, cooperative tilting of 
MnO6 octahedra either due to mismatch of the ionic radii or due to the Mn+3 ion. 
The motivation for the present work is to fabricate advanced p-n junctions and 
devices based on manganite thin films for the application in data storage and memory 
device, temperature and field sensing device etc. Also, it is planned to explore the 
unknown physics behind the novel properties and working principle of these devices. 
Manganite based p-n junction in combination with ZnO has been fabricated from 
La0.5Pr0.2Sr0.3MnO3 and La0.7Sr0.3MnO3 on 0.2 wt % Nb doped SrTiO3 substrate, with an 
aim to improve the field and temperature sensitivity and operating temperature devices 
under study. Also, the effect of different thickness of the p and n-tpe material has been 
studied.          
            The most interesting part of this thesis work comprise of, the development of 
trilayered (back to back two p-n junctions) device based on manganite thin films and the 
detailed study of its structural, surface morphological and magneto I-V properties. 
Moreover, a systematic attempt has been made to study the effect of thickness and carrier 
density on various physical properties of the device which are explained on the basis of 
the strain effects at the interface region. In the end, an attempt is made to test the 
trilayered heterostructure as a field effect device. The effect of electrical field (bias 
voltage) on the junction resistance as well as on the I-V rectification of the device has 
been studied in detail. Various observations have been explained on the basis of the 
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interface effect, filling of the bands in the p-type manganite as well as the phase 
seperation scenario of the p-type manganite used. 
 
Details of all the subsequent chapters comprising thesis are given below 
Chapter I 
Chapter I of the thesis deals with the introduction to the manganite thin film 
devices. The details about various basic aspects of the physics underlying the thin films 
and heterostructures based on manganites have been discussed. The effect of various 
parameters such as deposition condition, temperature, magnetic field and thickness on the 
properties of manganite heterostructures is explained. At the end, various applications of 
manganite thin films, devices and heterostructures have been given followed by the 
motivation for undertaking the present studies on the mixed valent manganite based 
heterostructures and field effect devices. 
Chapter II 
Chapter II outlines various techniques used for synthesizing bulk and thin film 
manganite heterostructures with detailed account of Pulsed Laser Deposition technique 
(PLD) used during the course of this work. This chapter also consist of the explanation of 
different experimental characterization techniques such as XRD, AFM, I-V, Magneto I-
V, ρ – T measurements and electric field dependent I-V and R-T measurements carried 
out during the present studies. 
Chapter III 
Chapter III is fully devoted to the studies on PLD grown heterostructures LP-1 
and LP-2. The effect of temperature, magnetic field and thickness of the p-type LPMO 
manganite on the structural, microstructural, transport and magnetotransport properties of 
the nanostructured multilayers has been discussed in detail in the light of modifications in 
the band structure, interface effect, strain dependent modification in the I-V curves etc. 
Field and temperature dependent MR behavior of these heterostructures has been 
explained using the postulated hypothesis explained in this chapter. 
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Chapter IV 
Chapter IV is dedicated to the studies on the heterostructure with the replacement 
of LPSMO by LSMO manganite having 100 nm thickness, LS-1. Similar to previous 
chapter, various properties of the heterostructure have been studied using I-V, R-T and 
MR at various temperatures and fields. The occurrence of the positive MR effect at 
higher temperature has been discussed using energy band structure, phase separation and 
interface effect in the LSMO manganite layer. 
Chapter V 
Chapter V deals with the studies on the four nanostructured multilayered systems, 
namely, L-51, L-52, L-21 amd L-22. Observed variation in their rectification behavior 
has been attributed to the lower thicknesses and nanosized grain structure of both ZnO 
and LSMO layers. The effect of temperature, field and manganite layer thickness (grain 
size) has been discussed in detail. Moreover testing of these heterostructures as field 
effect devices have been successfully achieved at room temperature (RT) under zero 
applied field. Observation of modifications in the junction resistance behavior as a 
function of applied electric field is discussed using spin injection mechanism. 
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2.1 Introduction 
Fabrication of high quality films and devices, requires, well developed growth 
and characterization techniques. Thin films and heterostructures with desired properties 
find applicability in variety of devices and applications.  Solid samples in variety of 
shapes and sizes depending upon their necessities, such as, single crystals, amorphous 
solids, thin films, thick films, polycrystalline powder, etc can be synthesized using 
different techniques such as, Solid State Reaction (SSR), Vapor Phase Transport (VPT), 
Co-precipitation, Sol - Gel, Physical Vapor Deposition (PVD), Chemical Vapor 
Deposition (CVD), Pulsed Laser Deposition (PLD), Chemical Solution Deposition 
(CSD), Metal-Organic Chemical Vapor Deposition (MOCVD), Sputtering, Flux Growth 
Technique, Electrochemical Methods etc.  
Structural, microstructural, electrical and magnetic properties of the 
polycrystalline bulk and thin films can be determined using various methods. For 
structural analysis X-ray Diffraction (XRD), Neutron Diffraction (ND) and Electron 
Diffraction (ED) while for microstructure, Scanning Electron Microscopy (SEM), 
Atomic Force Microscopy (AFM), Lateral Force Microscopy (LFM), Scanning 
Tunneling Microscopy (STM), Magnetic Force Microscopy (MFM), Transmission 
Electron Microscopy (TEM), etc can be used. Transport and magnetotransport properties 
can be studied using d.c. four probe resistivity measurements and magnetoresistance 
measurements using Physical Property Measurement System (PPMS) (Quantum design) 
while  d c magnetization, a.c. susceptibility techniques can be used for magnetic property 
mesurements . 
Polycrystalline bulk samples of mixed valent manganites are generally 
synthesized using SSR while for fabrication of thin films, various techniques such as 
PLD, CSD, MOCVD etc have been used. Manganites are usually characterized using 
XRD, TEM, SEM, AFM, LFM, four probe resistivity, magnetoresistance, d.c. 
magnetization and SQUID measurements. A brief description about various synthesis and 
characterization tools used during the course of present work is given in the following 
pages – 
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2.2 Synthesis Techniques 
2.2.1 Solid State Reaction (SSR) 
Solid State Reaction (SSR) method provides large range of selection of starting 
materials such as oxides, carbonates, etc. Since, solids do not react with each other at 
room temperature (RT), it is necessary to heat them at high temperatures as high as 1000 
- 1500oC for the proper reaction to take place at appreciable rate. Thus, both, 
thermodynamic and kinetic factors are important in SSR. 
In SSR method, the solid reactants react chemically without the presence of any 
solvent at high temperatures yielding a stable product. The major advantage of SSR 
method is that the final product, in solid form is structurally pure with the desired 
properties depending on the final sintering temperatures. This method is environment 
friendly and no toxic or unwanted waste is produced after the SSR is complete. 
Various steps involved in conventional SSR route are shown in fig. 2.1. The final 
product of SSR is usually in the form of a powder or a sintered, polycrystalline piece. 
Large single crystals are not usually obtained by this method. 
The final solid pellet obtained possesses, all the required properties of 
manganites. The final temperature and duration of sintering may vary depending on the 
nature and properties of the sample under preparation. 
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Fig. 2.1 Flow chart of various steps involved in conventional solid state reaction 
route 
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2.2.2 Pulsed Laser Deposition (PLD) 
PLD technique for the deposition of manganite thin films has advantages over 
other deposition techniques such as RF Sputtering, Metal Oxide Chemical Vapor 
Deposition (MOCVD) or spray pyrolysis etc. Due to narrow frequency bandwidth and 
coherent nature, laser possesses high power density suitable for vapourising hard 
materials in thin film forms [1, 2]. Using PLD technique, one can deposit high quality 
thin films with precise control over the thickness.  
Various manganite thin films and heterostructures studied during the present 
course of work were synthesized using PLD facility at UGC-DAE CSR, Indore. 
The mechanism of pulsed laser deposition for synthesis of thin film 
heterostructures include: 
a) Interaction of the Laser beam with the target surface 
b) Kinematics of the plasma plume ablated from the target 
c) Deposition of plasma plume on the heated substrate 
d) Growth of the thin film on the substrate 
In the process of deposition, focused laser beam enters into the vacuum chamber via the 
quartz window. This focused laser beam strikes onto the surface of the target material 
with short pulses and necessary high energy. Because of such a high energy, material is 
ejected out in the form of plasma plume from the target surface. In the last, ejected 
plasma plume is deposited on the heated substrate. In general, ultraviolet laser radiation 
affects the target to the depth of ~ 100 nm. The composition of the deposited films is 
identical stoichiometrically to that of the target materials. 
In this process a pulsed laser beam vaporizes the surface of the target in an ultra 
high vacuum (UHV) and the vapor condenses on a substrate. Generally, such a process 
coats the surface with a pure film of the correct composition. Fig. 2.2 (a) shows the 
schematic diagram of PLD set up, (b) shows the working of the PLD and (c) shows 
plasma plume produced at the time of deposition.  
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Fig. 2.2 (a) PLD set up (b) working of PLD (c) Plasma plume during depostion  
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Deposition Parameters 
The Physical properties of the films deposited by PLD technique depends on the 
properties of target material and deposition parameters used at the time of deposition, 
among which, for the target material, the density and the surface roughness are the crucial 
parameters which affect the quality of the film. Generally, the target should be dense 
enough and the surface roughness should be visually negligible. The deposition 
parameters that highly affect physical properties of thin films are - 
a) Laser Energy 
b) Substrate temperature 
c) Substrate to target distance 
d) Oxygen partial pressure (in case of manganites) 
Laser energy density required to ablate target material is known as threshold 
energy. As the energy increases greater than threshold energy, the amount of ablated 
material will increase and also the kinetic energy of the ablated material. Ablated material 
with higher energy has its own advantage as well as disadvantage. Sometimes, this higher 
energy hits the already deposited material thus causing rearrangement of deposited 
material and also may have possibility of causing defects in the deposited films. The laser 
energy density can be calculated by measuring the Laser energy (ELaser) and area of the 
Laser spot (Aspot):  
Laser Energy Density = ELaser / Aspot 
Substrate temperature is another important parameter. The energy of the heated 
substrate is transferred to the deposited atoms and thus provides enough energy for the 
deposited atom to find the best site for them on the substrate. This effect is just similar to 
the increasing energy of the ablated material. But, too high substrate temperature also 
results in diffusion between substrate and thin films while appropriate substrate 
temperature is most crucial in order to synthesize epitaxial thin films. The large substrate 
to target distance gives enough time for ablated material to collide with each other and 
form large particulates which results in poor quality of the deposited films. The impact of 
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increase in oxygen pressure has the same effect as increase in substrate to target distance 
since it also increases time to reach the ablated material to substrate. The deposition of 
oxide (manganites) films in vacuum, results in oxygen deficient films which means 
oxygen pressure is required to maintain the stoichiometry of the thin films, particularly 
oxide films. 
Advantages and disadvantages of PLD 
PLD technique has its own indistinguishable advantages over other methods for 
deposition of thin films such as - 
a) The main advantage is that, the resultant film has same stoichiomtry as of 
the target material, even for complicated materials. 
b) The wide range of materials can be ablated. 
c) The wide range of gas pressures can be used. 
d) During deposition, target can easily be changed which helps to fabricate 
multilayers. 
e) One laser can be used for more than one chamber. 
In spite of several advantages of PLD technique, there are some disadvantages of 
this technique such as - 
a) Formation of large particulates during the deposition 
b) Can be used for only small area deposition. 
 
2.3 Structural characterization 
2.3.1 X-ray Diffraction (XRD) 
X-ray diffraction technique is a non - destructive analytical technique which reveals 
information about the crystallographic structure, chemical composition and physical 
properties of materials and thin films. This technique is based on observing the scattered 
intensity of an X-ray beam hitting a sample as a function of incident and scattered angles, 
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polarization and wavelength or energy. X-rays can be considered waves of 
electromagnetic radiation. Atoms scatter X-ray waves, primarily through the electrons. 
This phenomenon is known as elastic scattering, Electon is known as the scatterer. A 
regular array of scatterers produces a regular array of spherical waves. Although these 
waves cancel one another out in most directions through destructive interference, they 
add constructively in a few specific directions, determined by Bragg's law: 
 
where d is the spacing between diffracting planes, θ is the incident angle, n is any integer, 
and λ is the wavelength of the beam. These specific directions appear as spots on the 
diffraction pattern, often called reflections. X-rays are used to produce the diffraction 
pattern because their wavelength λ is typically the same order of magnitude as the 
spacing d between planes in the crystal. To produce significant diffraction, the spacing 
between the scatterers and the wavelength of the impinging wave should be roughly 
similar in size. 
Fig. 2.3(a) shows x-ray diffractometer (b) illustrates the interference 
(constructive) between waves scattering from two adjacent rows of atoms in a crystal and 
(c) shows the schematic diagram of XRD performed on a thin film. The net effect of 
scattering from a single row is equivalent to partial reflection from a mirror imagined to 
be aligned with the row. Thus, the angle of "reflection" equals the angle of incidence for 
each row. Interference then occurs between the beams reflecting from different rows of 
atoms in the crystal. 
II - 9 
 
       
                                           Experimental Techniques of Material Characterization 
 
 
       
 
Fig. 2.3 (a) X-ray diffractometer (b) Bragg’s Law (c) schematic of XRD by thin 
film 
II - 10 
 
       
                                           Experimental Techniques of Material Characterization 
Different possibilities for the use of X-ray diffraction technique are - 
1. Single-crystal X-ray diffraction is a technique used to solve the complete structure of 
crystalline materials, ranging from simple inorganic solids to complex 
macromolecules, such as proteins 
2. Powder diffraction (XRD) is a technique used to characterize the crystallographic 
structure, crystallite size and preferred orientation in polycrystalline or powdered 
solid samples. Powder diffraction is commonly used to identify unknown substances 
by comparing diffraction data against a database maintained by the International 
Centre for Diffraction Data (ICDD). It is also used to characterize heterogeneous 
solid mixtures to determine relative abundance of crystalline compounds and when 
coupled with lattice refinement techniques, such as Rietveld refinement (for bulk 
samples) [3], provides structural information of unknown materials. Powder 
diffraction is also a common method for determining strains in crystalline materials. 
An effect of the finite crystallite sizes is seen as a broadening of the peaks in an X-ray 
diffraction as is explained by the Scherrer Equation 
3. Thin film diffraction and grazing incidence X-ray diffraction is used to characterize 
the crystallographic structure and preferred orientation of substrate-anchored thin 
films 
4. High-resolution X-ray diffraction is used to characterize thickness, crystallographic 
structure and strain in thin epitaxial films. It employs parallel-beam optics 
5. X-ray pole figure analysis enables one to analyze and determine the distribution of 
crystalline orientations within a crystalline thin-film sample 
6. X-ray rocking curve analysis is used to quantify grain size and mosaic spread in 
crystalline materials 
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2.3.2 High-resolution X-ray diffraction (HRXRD) / φ Scan measurements 
For the structural studies of thin film, High-resolution X-ray diffraction technique 
is commonly used. HRXRD is not a specific technique but is rather a collection of XRD 
techniques used to characterize the thin film samples grown on different substrates. The 
high quality epitaxial thin films (nearly-perfect material) are necessary which are 
synthesized for the specific advanced device applications. Thus, to confirm the high 
quality and epitaxial nature of thin film, HRXRD is used. 
Common HRXRD measurements performed on thin film samples include - 
Precise lattice constants - These measurements derived from θ - 2θ scans, provide 
information about lattice mismatch between the film and the substrate from which one 
can calculate the strain and stress in the thin film emerging out due to difference in the 
lattice parameter of thin film and the substrate used. 
Rocking curve - These measurements are carried out by taking θ scan at a fixed 2θ angle, 
the width of which is inversely proportional to the dislocation density in the film 
structure. 
X-ray reflectivity - Using this technique, one can determine the thickness, roughness and 
density of the film. Generally, this technique is used to characterize multilayer structures. 
Furthermore, this technique does not require crystalline film and also works with even 
amoprphous materials. 
Texture measurements (φ– scan) - Texture measurements are used to determine the 
orientation distribution of crystalline grains in the polycrystalline sample.  One can see 
textured state of a material (generally in the form of thin films). A material is called as 
textured, if the grains are aligned in a preferred orientation along certain lattice planes. 
The texture measurements have been performed on thin films at a fixed scattering angle 
and consists of a series of φ– scans (in-plane rotation around the center of the sample) at 
different chi-angles (ψ), as illustrated in the fig. 2.4. 
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Fig. 2.4 Schematic diagram depicting – θ, ψ and φ angle for the XRD of films 
 
2.4 Microstructural Characterization 
2.4.1 Atomic Force Microscopy (AFM) 
AFM is one of the foremost tools for imaging, measuring and manipulating matter 
at the nanoscale [fig. 2.5 (a)]. The information is gathered by "feeling" the surface with a 
mechanical probe. Piezoelectric elements that facilitate tiny but accurate and precise 
movements on (electronic) command enable very precise scanning. AFM consists of a 
microscale cantilever with a sharp tip (probe) at its end which is used to scan the 
specimen surface [fig. 2.5 (b)]. The cantilever is typically silicon or silicon nitride with a 
tip radius of curvature of the order of nanometers. When the tip is brought into proximity 
of a sample surface, forces between the tip and the sample lead to a deflection of the 
cantilever according to Hooke’s law. Depending on the situation, forces which are 
measured in AFM include mechanical contact force, van der waals forces, capillary 
forces, chemical bonding, electrostatic forces, magnetic forces, etc. Typically, the 
deflection is measured using a laser spot reflected from the top surface of the cantilever 
into an array of photodiodes. 
φ ψ 
θ 
Sample 
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Fig. 2.5 (a) AFM set up (b) Working of AFM (c) AFM micrograph 
 
If the tip is scanned at a constant height, a risk of tip colliding with the surface 
exists causing the damage. Hence, in most cases a feedback mechanism is employed to 
adjust the tip to sample distance to maintain a constant force between the tip and the 
sample. Traditionally, the sample is mounted on a piezoelectric tube, which can move the 
sample in the Z direction for maintaining a constant force, and the X and Y directions for 
scanning the sample. Alternatively a 'tripod' configuration of three piezo crystals may be 
employed, with each responsible for scanning in the X, Y and Z directions. This 
eliminates some of the distortion effects seen with a tube scanner. AFM can be operated 
in number of modes, depending upon the application. In general, possible imaging modes 
are divided into static modes (also called contact modes), which can be used for Lateral 
Force Microscopy (LFM) measurements, and a variety of dynamic modes (or non-contact 
modes) where the cantilever is vibrated. 
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2.4.2 Transmission Electron Microscopy (TEM) 
 In Transmission electron microscopy (TEM) technique, a beam of electrons is 
transmitted through an ultra thin specimen, interacting with the specimen as it passes 
through it. An image is formed from the electrons transmitted through the specimen, 
magnified and focused by an objective lens and appears on an imaging screen, a 
fluorescent screen in most TEMs, plus a monitor, or on a layer of photographic film, or to 
be detected by a sensor such as a CCD camera. The first TEM was built by Max Knoll 
and Ernst Ruska in 1931, while the first commercial TEM was available in 1939. 
 
Fig. 2.6 Photograph of Transmission Electron Microscope (TEM) 
 
Fig. 2.6 shows the TEM with its componetnts. The electron source of the TEM is 
at the top, where the lensing system (4, 7 and 8) focusses the beam onto the specimen and 
then projects it onto the viewing screen (10). The beam control is on the right (13 and 
14). A TEM is composed of several components, which include a vacuum system in 
which the electrons travel an electron emission source for generation of the electron 
II - 15 
 
       
                                           Experimental Techniques of Material Characterization 
stream, a series of electromagnetic lenses, as well as electrostatic plates. The latter two 
allow the operator to guide and manipulate the beam as required. 
From the top down, the TEM consists of an emission source, which may be a 
tungsten filament, or a lanthanum hexaboride (LaB6) source. This is of the form of either 
a hairpin-style filament, or a small spike-shaped filament. By connecting this gun to an 
HV source (Typically ~120KV for many applications) the gun emits electrons into the 
vacuum. This extraction is usually aided by the use of a Wehnelt cylinder. Once 
extracted, the upper lenses of the TEM allow for the formation of the electron probe to 
the desired size and location for later interaction with the sample. 
TEM is used mostly in both material science/metallurgy and the biological 
sciences. In both cases, the specimens must be very thin and able to withstand the high 
vacuum present inside the instrument. Preparation techniques to obtain an electron 
transparent region include, ion beam milling and wedge polishing. The focused ion beam 
(FIB) is a relatively new technique to prepare thin samples for TEM examination. 
Because, the FIB can be used to micro-machine samples very precisely, it is possible to 
mill very thin membranes from a specific area of a sample, such as a semiconductor or 
metal. Materials having dimensions small enough to be electron transparent, such as 
powders or nanotubes, can be quickly produced by the deposition of a dilute sample 
containing the specimen onto support grids. The suspension is normally a volatile 
solvent, such as ethanol, ensuring that the solvent rapidly evaporates allowing a sample 
that can be rapidly analysed. 
Limitations - There are a number of drawbacks of the TEM technique. Many 
materials require extensive sample preparation to produce a thin sample enough to be 
electron transparent, which makes TEM analysis a relatively time consuming process 
with a low throughput of samples. Graphene, a carbon nanomaterial, relatively 
transparent, very hard and just one atom thick, is currently being used as a platform on 
which the materials to be examined are placed. Being almost transparent to electrons, a 
graphene substrate has been able to show single hydrogen atom and hydrocarbons. The 
structure of the sample may also change during the preparation process. Also the field of 
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view is relatively small, raising the possibility that the region analysed may not be 
characteristic of the whole sample.  
 
2.5 Electrical Transport and Magnetotransport Measurements 
2.5.1 D.C. Four Probe Resistivity (without and with field) 
Electrical resistivity is a measure of how strongly a material opposes the flow of 
electric current. A low resistivity indicates that, a material which readily allows the 
movement of electrical charge. Electrical resistivity ρ is defined by, ρ = E / J, where ρ is 
the static resistivity, E is the magnitude of the electric field and J is the magnitude of the 
current density. The electrical resistivity ρ can also be given by, ρ = R (A / l), where ρ is 
the static resistivity, R is the electrical resistance of a uniform specimen of the material, l 
is the length of the piece of material and A is the cross-sectional area of the specimen. 
Four probe electrical resistivity measurements is a versatile technique for investigating 
the electrical resistivity of low resistance samples [4]. In its useful form, the four probes 
are collinear. The error due to contact resistance, which is significant in the electrical 
measurement, is avoided by the use of two extra contacts (voltage probes) between the 
current contacts. In this arrangement, the contact resistance may be high as compared to 
the sample resistance, but as long as the resistance of the sample and contact resistance 
are small compared with the effective resistance of the voltage measuring device 
(potentiometer, electrometer or electronic voltmeter), the measured value will remain 
unaffected. 
Because of pressure contacts, the arrangement is also especially useful for quick 
measurement on different samples or different parts of the sample. The classic 
arrangement is to have four needle-like electrodes in a linear arrangement with a current 
injected into the material via the outer two electrodes. The resultant electric potential 
distribution is measured via the two inner electrodes as shown in fig. 2.7 (b). By using 
separate electrodes for the current injection and for the determination of the electric 
potential, the contact resistance between the metal electrodes and the material will not 
show up in the measured results [5, 6]. Because the contact resistance can be large and 
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can strongly depend on the condition and materials of the electrodes [7], it is easier to 
interpret the data measured by the four point probe technique than results gathered by two 
point probe techniques. 
 
 
   
 
Fig. 2.7 (a) PPMS set up  
(b) Four point probe measurement technique 
(c) Probe near the edge of the sample, all current has to go through the left 
half plane 
(d) Front view of the four point probe contact on the sample 
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Fig. 2.8 Left: Photographic view of the PPMS (Quantum Design) 
Right: Inside view of PPMS with magnet, HTSC magnet leads, PPMS    
probes and reservoirs 
 
Fig. 2.8 (C) illustrates the effect of the position of the electrodes with respect to 
the boundaries of the sample. By placing the electrodes at the edge rather than in the 
middle of the sample, the measured voltage over the inner electrodes will be two times 
larger because all current has to take the right-half plane while fig. 2.8 (d) shows the front 
view of four probe. 
The magnetoresistance (MR) of conventional materials enables changes in 
resistance of up to 5%, but materials featuring CMR may demonstrate resistance changes 
by orders of magnitude. The resistivity of the material in the presence and absence of 
applied magnetic field as well as resistivity isotherms at different temperatures can be 
measured to observe the MR properties of the material using the physical property 
measurement system (PPMS) (Quantum Design). Fig. 2.8 (left) shows the photographic 
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view of the PPMS (Quantum Design) and fig. 2.8 (right) illustrates the inside view of 
PPMS with magnet, HTSC magnet leads, PPMS probes and reservoirs arranged in PPMS 
(Quantum Design). PPMS is a cryogenic platform used to carry out temperature and 
magnetic field dependent physical measurements. Transport measurements, such as 
resistivity, I-V characteristics, Hall effect, Seebeck effect, MR, capacitance and 
magnetocapacitance, pyroelectric and ferroelectric measurements etc can be performed, 
using PPMS. By means of a sample rotator, it is possible to easily measure anisotropic 
properties of single crystal samples. Heat capacity, d.c. resistivity, a.c. transport, 
magnetotransport properties, thermal conductivity, thermoelectric power measurements 
can be carried out under the application of large magnetic fields. 
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3.1 Introduction 
Studies on thin films and devices have been pursued from many decades but 
today it is no longer a subject of casual academic interest but has become a full fledged 
discipline. The phenomenal rise in thin film research is due to their extensive applications 
in the diverse fields of electronics, optics, defence and other industries. These 
investigations have led to numerous inventions in the forms of active devices and passive 
components, piezo-electric devices, micro-miniaturisation of power supply, rectification 
and amplification, sensor elements, storage of solar energy, magnetic memories, 
superconductiong films, interference filters, reflecting and antireflection coatings and 
many others. The present develelopmental trend is towards newer type of devices, 
monolithic and hybird circuits, field effect transistors (FET), metal oxide semiconductor 
transistors (MOST), sensors for different applications, switching devices, cryogenic 
applications, high density memory systems for computers etc. Further because of 
compactness, better performance and reliability coupled with low cost of production and 
low package weight, thin film devices and components are preferred over their bulk 
counterparts. Hence intensive research is going on not only in the field of basic thin film 
physics but also in material science, designing and production concerning the thin films. 
Manganite oxides cover a large area of material science. Hole doped manganites 
have attracted considerable attention because of the intrinsic colossal magnetoresistance 
(CMR) and metal - insulator (M - I) transition concomitant with ferromagnetic - 
paramagnetic (FM - PM) transition exhibited by them. Manganites possess intrinsic 
disorder resulting into the non-uniform system at the nanoscale level [1, 2] and phase 
separation at the micrometer scale [3]. Phase separation and related phenomena 
satisfactorily explains the origin of magnetoresistance (MR) in manganites. However, 
from application point of view, the behavior of manganite thin films should be examined 
for their potential for device applications. CMR manganites exhibit large MR, at low 
temperature, due to the spin polarized tunneling or spin dependent scattering [9, 10]. The 
sources of tunneling MR in bulk, thin films and devices are, magnetically frustrated 
insulating grain boundaries, naturally occurring non-uniform disordered interface due to 
the lattice mismatch between the film and the substrate and artificially implanted non-
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magnetic insulating barrier between the two conducting layers [10]. In addition, 
hysteretic non-linear I-V behavior observed in various manganite based devices indicates 
the presence of electroresistance (ER) effect [11, 12]. T. Wu et al have reported ER effect 
in manganite based devices due to the phase separation phenomenon [13] while 
La0.82Ca0.18MnO3 [14], Nd0.7Pr0.3MnO3 [15] and La0.9Sr0.1MnO3 [16] manganites which 
are ferromagnetic insulators exhibit, both, the ER and MR effects, simultaneously. 
La0.5Pr0.2Sr0.3MnO3 (LPSMO) manganite exhibits TP near RT with comparatively 
large MR [17, 18]. LPSMO has been well studied in the form of thin film [18], device 
(with 20% Sr2+ doping) [19] and heterostructure [4]. On the other hand, ZnO has gained 
substantial interest in the research community because of its large exciton binding energy 
(60 meV) which could lead to lasing action based on exciton recombination even above 
room temperature. There has been a great deal of interest in the studies on zinc oxide due 
to its prospects in optoelectronics applications owing to direct wide band gap (Eg ~ 3.3 
eV at 300 K) [21], exhibited by it. 
Studies, to understand the origin of unconventional positive MR exhibited by the 
devices comprising of p-type manganite layer deposited on n-type nonmagnetic SNTO 
(Nb-doped SrTiO3) substrates, have attributed it the interface modifications, phase co-
existence and quantum interference effect [4 - 7]. Although, ZnO (hexagonal) and 
manganite (orthorhombic) layers possess large structural disorder, device comprising of 
them, shows excellent rectifying property at various temperatures and fields [6, 8]. 
Various single crystal substrates such as LaAlO3 (LAO) [6], Al2O3 [8], etc have been 
used for suppressing the structural mismatch and interface effects in ZnO / manganite 
based devices. Vachhani et al have studied La0.6Pr0.2Sr0.2MnO3 / SrNb0.2Ti0.8O3 (SNTO) 
devices having various thicknesses of 100 and 200 nm of manganite layer indicating 
large positive MR in 200 nm device [4]. 
In this maiden attempt, heterostructure comprising of ZnO (n) / 
La0.5Pr0.2Sr0.3MnO3 (LPSMO) (p) / SrNb0.002Ti0.998O3 (SNTO) (n) deposited on highly 
conducting (100) oriented SNTO substrate has been studied in detail. In the present 
study, aim is not to study the n-p-n transistor like characteristics of manganite based 
heterostructure but the understanding of the physics behind the combined effect of 
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interfaces on the transport properties of LPSMO manganite. In addition to the studies on 
the two combined p-n junctions, an attempt is made to study the transport (resistance and 
I-V measurements) across LPSMO manganite layer in presence of electric field in order 
to study the field effect device characteristics. I-V behavior have been discussed in the 
light of interface effect and energy band structure of manganite The results of the 
transport studies are discussed in the context of formation of complex band structure at 
the respective interfaces (ZnO / LPSMO and LPSMO / SNTO) at various temperatures 
and fields and electronic phases of LPSMO manganite. In addition, the nature of the 
transport in the heterostructures has been explained using tunneling effect through the 
interface tunnel barrier and the type of tunneling at the two junctions. 
 
3.2 Experimental Details 
Well characterized La0.5Pr0.2Sr0.3MnO3 (LPSMO) and ZnO targets (20 mm 
diameter) were used to deposit 100 and 200 nm thick LPSMO and 50 nm thick ZnO films 
on SrNb0.002Ti0.998O3 (SNTO) (100) single crystalline substrates using Pulsed Laser 
Deposition (PLD) technique. ZnO with a desired thickness of 50 nm was deposited using 
suitable mask on the top of LPSMO layer in both the heterostructures, referred as LP-1 
and LP-2, respectively, for 100 and 200 nm LPSMO layer. A 248 nm KrF excimer laser 
with a laser fluence of 1.80 J/cm2 was used to ablate the targets. The experimental 
conditions used during Laser ablation are given in Table 3.1 
Table 3.1 Thin film deposition parameters 
 
 
 
 
 
 
Laser used    KrF Excimer 
Targets    LPSMO & ZnO; Polycrystalline bulk 
Substrates    SrNb0.002Ti0.998O3;  
     Single crystalline (1 0 0) 
Laser energy   ~ 1.80 J/cm2 
Repetition rate   10 Hz 
Substrate temperature  600 °C 
Oxygen partial pressure 300 mTorr
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During the deposition, the substrate to target distance was maintained, ~ 50 mm 
for all the depositions. Single phasic nature of the heterostructures was confirmed by 
carrying out the θ-2θ XRD as well as the φ-scan measurements at RT. The surface 
morphology of the heterostructures was characterized by AFM measurements. The 
transport properties were investigated by taking the I-V measurements across n (ZnO) - p 
(LPSMO) and p (LPSMO) - n (SNTO) junctions in both, LP-1 and LP-2 heterostructures, 
in the temperature range 5 - 300 K under the 0 - 8 T fields using four probe technique. 
Temperature dependent resistance was carried out using physical property measurement 
system (PPMS, Quantum Design) in the temperature range 2 – 400 K. Fig. 3.1 shows the 
schematic representation of heterostructure geometry along with the transport 
measurements - current perpendicular to (film) plane (CPP) geometry. 
 
Fig. 3.1 Transport measurements [current perpendicular to plane (CPP) geometry] on 
ZnO / LPSMO/ SNTO heterostructures (schematic view) 
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3.3 Structural Properties 
Typical XRD patterns of LP-1 and LP-2 heterostructures are shown in fig. 3.2. 
Both the heterostructures possess single crystalline nature and are a-axis oriented with the 
lattice mismatch between LPSMO film and SNTO substrate evident from the positional 
difference between film and substrate peaks at ~ 23o and 47o. The structural strain was 
quantified using δ (%) = [(dsubstrate – dfilm) / dsubstrate] × 100. The positive or negative value 
of δ corresponds to tensile or compressive strain, respectively. 
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Fig. 3.2 Typical XRD patterns of LP-1 and LP-2 heterostructures 
 
In the presently studied heterostructures, LPSMO (100 nm) / SNTO (LP-1) 
possesses ~ 1.82 % tensile strain [by considering (200) film and substrate peaks] which 
becomes lower (~ 1.52 %) in LPSMO (200 nm) / SNTO (LP-2). The larger value of 
tensile strain in 100 nm film as compared to 200 nm film can be ascribed to the lattice 
relaxation in higher thickness film [21]. The FWHM of LPSMO films grown on SNTO 
substrates varies between 0.16o to 0.27o, indicating the better crystalline quality of the 
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heterostructures. The values of particle size (of LPSMO) determined using XRD plots 
(by considering all the LPSMO peaks) by employing Scherrer’s formula [(0.9 × λ) / 
(FWHM × cos θ)] are 64.73 and 92.07 nm for LP-1 and LP-2 heterostructures, 
respectively. An overall intensity of the XRD peaks and particle size increases while 
FWHM is reduced with LPSMO layer thickness indicating an improved crystallinity. 
Additionally in, both, LP-1 and LP-2 heterostructures, at 2θ ~ 35o and 56o, two ZnO 
peaks can be clearly seen indicating polycrystalline growth of ZnO LPSMO / SNTO 
films.  
Fig. 3.3 shows the XRD - φ-scan of LPSMO film and SNTO substrate of LP-1 
heterostructure, performed by titling the specimen in (122) direction from (002) specimen  
crystal plane.  
-150 -100 -50 0 50 100 150
SNTO
χ = 46.50o
 
LPSMO
χ = 48.19o
I (
a.
u.
)
φ (degree)  
Fig. 3.3 φ-scans of LPSMO film and SNTO substrate of LP-1 heterostructure 
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Full scan was done by rotating the heterostructure about the surface normal from 
0o to 360o keeping the value of θ and χ (48.19o for LPSMO and 46.50o for SNTO) 
constant. φ-scan patterns show four sharp peaks of SNTO and LPSMO in XRD φ-scan 
pattern, each separated by 90o, confirming the cubic symmetry and epitaxial growth of 
LPSMO layer on SNTO substrate. 
 
3.4 Microstructure 
In order to study the surface morphology and grain growth in the presently 
studied LP-1 and LP-2 heterostructures, the AFM micrographs (of top ZnO layers) were 
obtained and are shown in fig. 3.4.  
 
 
Fig. 3.4 Typical AFM micrographs of ZnO layers of LP-1 (left) and LP-2 (right) 
heterostructures 
 Inset: 3-D images of respective AFM micrographs 
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The AFM micrographs clearly reveal the island like grain growth with an average 
grain size ~ 100 nm in both the heterostructures. LP-1 possesses ~ 14.84 nm rms surface 
roughness which decreases up to ~ 1.5 nm indicating an improved microstructure in LP-2 
heterostructure. In addition, the grain growth becomes compact and well developed grain 
boundaries of ZnO can be clearly seen in LP-2 as compared to LP-1 heterostructure. 
 
3.5 Electrical Transport Properties (Temperature Dependence of Resistance) 
Fig. 3.5 shows the temperature dependence of (junction) resistance under zero 
applied field carried out across (a) LPSMO / SNTO and (b) ZnO / LPSMO junctions, 
respectively, using CPP mode in, both, LP-1 and LP-2 heterostructures. 
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Fig. 3.5      R - T plots (under zero applied field) obtained across (a) LPSMO / SNTO
 and (b) ZnO / LPSMO junctions for LP-1 and LP-2 heterostructures  
 
All the four junctions exhibit metal (dR / dT > 0) to insulator (dR / dT < 0) 
transition at temperature, TP. LPSMO / SNTO junction shows TP ~ 226 K (LP-1) and 297 
K (LP-2) while it becomes 278 K (LP-1) and 305 K (LP-2) for ZnO / LPSMO junction. 
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The resistivity gets suppressed throughout the temperature range studied with increasing 
LPSMO layer thickness. It is reported that, with increasing film thickness, the interface 
and crystallinity become improved i.e. strain is reduced, which in turn results into 
enhancement in transport with film thickness [22]. In the present case, the reduction in 
resistivity and enhanced TP from 100 to 200 nm LPSMO thickness can be attributed to 
the improved crystallinity of the heterostructure i.e. reduced interface contribution to the 
transport. In addition, the lower surface roughness, compact grain growth and clear grain 
boundaries of ZnO observed in LP-2 also supports the transport properties in the 
heterostructure [21, 22]. LPSMO (100 nm) film grown on STO substrate exhibits TP ~ 
324 K [23] which becomes lower for, both, LPSMO / SNTO and ZnO / LPSMO 
junctions of LP-1 heterostructure. This can be attributed to the two possible reasons: (i) 
the R – T measurements have been carried out across the junctions using CPP mode in 
which current is passing through the plane perpendicular to the film and hence suffer 
from the stresses developed at the film-substrate interface (at the structurally mismatched 
interface of ZnO-LPSMO) [11] and (ii) presence of two strained interfaces in LPSMO 
film i.e. ZnO-LPSMO and LPSMO-SNTO. 
 
3.6 I-V Characteristics: Field Dependent 
Fig. 3.6  shows I-V characteristics of LPSMO / SNTO junction, under 0 and 8 T 
fields at various temperatures obtained using CPP geometry of the four probe 
arrangement (inset of fig. 3.6), depicting good rectifying I-V behavior. It can be seen that, 
there is a pronounced variation in the I-V behavior at various temperatures and fields, in 
the reverse bias condition, as compared to forward bias, due to the large resistance of the 
junction region in reverse voltage sweeping. The slopes of I-V curves become steeper and 
reverse saturation voltage decreases monotonously with temperature, the behavior 
opposite to the conventional semiconductor p-n junction diodes which has been explained 
as below - with increase in temperature, the spin split energy of the eg band decreases and 
hence the energy required for tunneling of the conduction electrons across the barrier 
formed at the junction interface decreases which in turn results into the suppression in 
reverse saturation voltage. 
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Fig. 3.6 Plots of I-V characteristics without and with applied field (8 T) at various 
temperatures for LPSMO / SNTO junction of LP-1 heterostructure 
 
Fig. 3.7 (a) and (b) show the I-V plots of LPSMO / SNTO and ZnO / LPSMO 
junctions, respectively, obtained at 5 K under various fields up to 8 T for LP-1 
heterostructure while the insets show the enlarged view of the part of I-V curves (forward 
bias region) for the respective junctions. 
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Fig. 3.7 I-V plots of (a) LPSMO / SNTO and (b) ZnO / LPSMO junctions obtained at 
5 K under 0, 1, 5 and 8 T for LP-1 heterostructure 
 Insets: Enlarged views of encircled portion of I-V curves (forward bias 
region) for the respective junctions at 5 K under 0, 1, 5 and 8T fields 
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It can be clearly seen from I-V curves that, the junction exhibits rectifying 
behavior under all the fields at 5 K [fig. 3.7 (a)]. The observed I-V behavior is similar to 
the reported results on manganite - SNTO based p-n junction diodes [5, 24, 25]. The 
growth of ZnO layer onto LPSMO film results into the p-n junction exhibiting non-linear 
I-V characteristics under various fields at 5 K [fig. 3.7 (b)] similar to the earlier reports 
[6, 8]. Across both the junctions, current increases marginally under applied field 
resulting into the field induced reduction in forward saturation voltage (VC) at 5 K 
[enlarged views in fig. 3.7 (a) and (b)], for both the junctions. The variation in VC with 
field at 5 K indicates the presence of conventional negative MR across both the junctions 
(discussed in detail in section 3.9). 
Figs. 3.8 (a) and (b) show the I-V plots of LPSMO / SNTO and ZnO / LPSMO 
junctions, respectively, obtained out at 300 K under various applied fields for LP-1 
heterostructure. It can be seen that, both the junctions exhibit rectifying behavior under 
fields with the current decreasing marginally with applied field resulting the field induced 
enhancement in forward saturation voltage (VC) at 300 K, for both the junctions. The 
variation in VC with field at 300 K indicates the presence of positive MR across both the 
junctions of LP-1 heterostructure (MR has been discussed in detail in section 3.9). A 
sharp increase in current (with lower reverse saturation voltage values) in reverse bias at 
300 K under all the applied fields across LPSMO / SNTO junction [fig. 3.8 (a)] can be 
ascribed to the conducting nature of the SNTO substrate. In addition, the effect of 
magnetic field on the I-V behavior is pronounced at 300 K as compared to that at 5 K 
[figs. 3.7 and 3.8].  
In the presently studied LP-1 heterostructure, it can be seen that, all the forward I-
V curves are non-linear showing a hysteresis (symmetric) behavior as a function of 
voltage sweep between 0 to +V and back to 0 suggesting the presence of tunneling 
phenomenon of charge transport [26]. This behavior is not observed in higher manganite 
layer thickness LP-2 heterostructure, as shown in figs. 3.9 (a) and (b), which can be 
ascribed to the strain relaxation effect.  
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Fig. 3.8 I-V plots of (a) LPSMO / SNTO and (b) ZnO / LPSMO junction carried out at 
300 K under various applied fields of 0, 1, 5 and 8 T for LP-1 heterostructure 
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Since the difference in thicknesses of the films is obtained by varying the duration 
of deposition in the 300 mTorr oxygen partial pressure at 600 °C, it is possible that the 
difference in annealing duration results in the interface modifications in addition to the 
substrate apart from substrate induced strain on the grown film [4]. 
The tunnel current is higher (resistance lower) during the voltage increasing cycle 
in forward bias configuration. C. Beekman et al have also reported a large hysteresis 
during forward bias as compared to reverse bias in ultra thin La0.7Ca0.3MnO3 films grown 
on SrTiO3 by sputtering [11]. A. Odagawa et al have observed the hysteretic current – 
voltage characteristics of semiconducting Pr0.7Ca0.3MnO3 manganite thin films 
sandwiched between two electrodes demonstrating the hysteresis induced colossal 
electroresistance (CER) > 5000% at room temperature [12]. In the presently studied LP-1 
heterostructure, calculated tunneling electroresistance (TER = (I0→V - IV→0) / IV→0) from 
normalized difference between I (V) curves at increasing and decreasing voltages is ~ 19 
% for LPSMO / SNTO junction and ~ 09 % for ZnO / LPSMO junction under 0T which 
becomes ~ 08 % (for both the junctions) under 8 T field at RT. 
 
3.7 I-V Characteristics: (Temperature Dependent) 
To understand the effect of temperature on the I-V characteristics of  LP-1 and 
LP-2 heterostructures and to study the effect of thickness on the transport in LPSMO 
manganite, the I-V measurements have been performed across LPSMO / SNTO and ZnO 
/ LPSMO junctions of both the heterostructures at various temperatures under 0 and 8 T 
fields. Figs. 3.10 and 3.11 show the temperature dependent I-V characteristics of the 
lower LPSMO / SNTO junctions of (a) LP-1 and (b) LP-2 heterostructures under 0 and 8 
T fields, respectively, while figs. 3.12 and 3.13 depicts the obtained temperature 
dependent I-V characteristics across ZnO / LPSMO upper junctions of (a) LP-1 and (b) 
LP-2 heterostructures under 0 and 8T, respectively. For comparison purpose, all the I-V 
curves are plotted with the same current axis values in fig. 3.10 to fig. 3.13. 
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Fig. 3.10: Temperature dependent I-V characteristics of lower LPSMO / SNTO 
junctions of (a) LP-1 and (b) LP-2 heterostructures under 0 T  
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Fig. 3.11 Temperature dependent I-V characteristics of LPSMO / SNTO junctions of (a) 
LP-1 and (b) LP-2 heterostructures under 8 T  
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Fig. 3.12 Temperature dependent I-V characteristics of ZnO / LPSMO junctions of (a) 
LP-1 and (b) LP-2 heterostructures under 0 T  
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Fig. 3.13 Temperature dependent I-V characteristics of ZnO / LPSMO junctions of (a) 
LP-1 and (b) LP-2 heterostructures under 8 T 
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 Both the junctions of LP-1 and LPSMO / SNTO of LP-2 heterostucture exhibit 
non linear I-V curves while I-V curves across  ZnO / LPMSO of LP-2 heterostructure 
exhibit linear (ohmic) in nature at 0 and 8T. It can be seen from fig. 3.10 to fig. 3.13 that, 
VC is highly affected under applied field and temperature across lower LPSMO / SNTO 
junctions, VC decreases with increasing temperature in diode like regions of (reverse) LP-
1 and (forward) LP-2 heterostructures under 0 and 8 T fields (figs. 3.10 - 3.11 and Table 
3.2).  
Table 3.2 Variation in the saturation voltage VC [forward region (reverse region)] 
for both the junctions of LP-1 and LP-2 heterostructures 
(VCF - forward saturation voltage, VCR - reverse saturation voltage – in mV) 
It can be clearly observed that, LPSMO/SNTO junction of LP-1 shows reverse 
diode  like (sharp increase in current) and normal diode like (exponentially linear) 
behavior, respectively, while opposite behavior has been seen in LP-2 heterostructure 
(figs. 3.10 and 3.11). Such opposite I-V behavior in forward and reverse bias conditions 
may be due to the increase in the thickness of the p-type LPSMO in LP-2 heterostructure. 
Table 3.2 gives the values of forward saturation voltage (VCF) and reverse saturation 
voltage (VCR) obtained at various temperatures and fields for LP-1 and LP-2 
heterostructures. It can be seen that, during diode like characteristics (reverse in LP-1 and 
forward in LP-2),   VC decreases with temperature under 0 and 8 T fields. On the other 
hand, during exponential normal diode like behavior (forward in LP-1 and reverse in LP-
2), VC increases with temperature under 0 and 8 T. The observed reduction in VC with 
temperature across LPSMO/SNTO junction of the heterostructure during reverse biased 
T (K) 
LP-1  LP-2  
Junction LPSMO/SNTO ZnO/LPSMO LPSMO/SNTO ZnO/LPSMO
Field 0T 8T 0T 8T 0T 8T 0T 8T 
5 VCF 349 335 184 185 525 515 128 129 
100 VCF 484 480 213 203 430 426 221 212 
200 VCF 556 536 248 229 302 304 556 473 
300 VCF 557 571 - - 6 144 - - 
5 VCR 399 391 146 173 383 383 130 127 
100 VCR 313 306 175 175 504 530 208 212 
200 VCR 187 189 190 221 1014 914 274 276 
300 VCR 23 40 - - 1473 1785 - - 
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LP-1 and forward biased of LP-2 region, may be attributed to the reduction in spin 
splitting energy of the eg band and hence, the energy, required for tunneling of the 
conduction electrons from SNTO to LPSMO across the barrier formed at their junction 
interfaces, decreases which in turn results into the suppression in saturation voltage with 
temperature. On the other hand, the enhancement in VC, during forward of LP-1 and 
reverse of LP-2, can be attributed to the increase in structural disorder due to the thermal 
excitation of the charge carriers, resulting into larger amount of distortion (Jahn-Teller 
type) in the structure which in turn affects the transport by localizing the charge carriers 
[27]. Across ZnO/LPSMO junctions of both the heterostructures, the VC gets enhanced 
with increasing temperature which can be ascribed to the temperature induced thermal 
excitation leading to charge carrier localization effect. 
 
3.8 I-V Characteristics: (Transport Mechanisms) 
Various transport mechanisms have been proposed to understand the current flow 
in various thin films, heterostructures and devices, which are, direct tunneling, Fowler-
Nordheim (F-N) tunneling, thermionic emission, hopping conduction, etc [28 - 30]. A 
potential barrier formed between metal semiconductor junction having rectifying 
characteristics, differs from conventional p-n junction with its tyically lower junction 
voltage and depletion width, termed as schottky barrier. Presently studied 
heterostructures consisting of two p-n junctions exhibit I-V rectification over a large 
temperature and field range studied. The present junctions are of the schottky (metal-
semiconductor) barrier type due to their low junction voltage and different behavior than 
conventional p-n junction diodes. An attempt is made, to fit various forward mechanisms 
to the I-V curves and observed that the thermionic emission model of the form J= A*T2 
exp (-q ΦB /kT) [(exp (qV/ηkT)-1] fits best to the obtained data. The schottky barrier 
height (ΦB) and ideality factor (η) can be extracted by fitting the data to the above well 
known thermionic emission model expression [34]. The ideality factor, at 5 K for ZnO / 
LPSMO junction of LP-1 heterostructure varies between 1-2. On the other hand, η ≥ 2 at 
5 K has been obtained for LPSMO / SNTO junction of LP-2 heterostructure and at 300 K 
across LPSMO / SNTO and ZnO / LPSMO junctions of LP-1 heterostructure. I-V fittings 
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Fig. 3.15 Fitting of I-V curves using Thermionic emission model at RT under various 
fields for ZnO / LPSMO junction of LP-1 heterostructure 
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for LPSMO / SNTO and ZnO / LPSMO junctions of LP-1 are shown in figs. 3.14 and 
3.15, respectively. For LP-2 heterostructure, lower LPSMO / SNTO junction does not 
follow the thermionic emission model as it exhibits the diode like I-V behaviors during 
forward bias mode at various temperatures under 0 and 8 T fields. On the other hand, the 
upper ZnO / LPSMO junction shows the linear (ohmic) I-V characteristics (figs. 3.12 and 
3.13). The obtained barrier heights for the two presently studied junctions of LP-1 
heterostructure, is in the range reported for the devices consisting of artificially grown 
insulating barrier like, Ba2LaNbO6 sandwiched between two half metallic 
La0.67Sr0.33MnO3 manganites (ΦB ~ 0.2 to 0.25 eV) [31], SrTiO3 insulating layer between 
two La0.67Sr0.33MnO3 (ΦB ~ 0.5 to 0.7 eV) [32], SrTiO3 between two La0.8Sr0.2MnO3 (ΦB 
~ 0.1 to 0.2 eV) [33]. 
At 5 K, in LPSMO / SNTO junction of LP-1 heterostructure, ΦB decreases from 
0.428 eV (0 T) to 0.384 eV (8 T) while for ZnO / LPSMO, it becomes 0.280 eV (0 T) and 
0.152 eV (8 T) (fittings not shown here). As indicated in figs. 3.14 and 3.15, the value of 
ΦB increases with increasing field at 300 K. At 5 K, the magnetic field provides energy to 
charge carriers to overcome the barrier height while an enhancement in barrier height at 
300 K can be correlated with the positive MR in the presently studied heterostructure 
(MR has been discussed in detail in section 3.9 of chapter 3). In addition, the ΦB 
decreases with increasing temperature due to the thermal energy effect. The barrier height 
derived from the fittings for LPSMO / SNTO is larger than that of ZnO / LPSMO which 
can be attributed to the strained film-substrate interface between LPSMO and SNTO 
which is absent at ZnO – LPSMO interface. 
 
3.9 Magnetotransport Studies: (Transport Mechanisms) 
Room temperature (300K) vairation in MR under 8T field with current (I) for 
both the junctions of LP-1 heterostructure is shown in figs. 3.16 (a) and (b). It can be 
clearly seen that, LPSMO/SNTO junction exhibit positive MR in reverse bias condition 
which becomes small and negative in forward bias, [(fig. 3.16 (a)] while, ZnO/LPSMO 
junction show positive MR, during both the bias conditions. Observation of large positive 
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MR ~ 87% at I ~2.25 mA for LPSMO/SNTO and MR ~ 84% at I ~ 1.33 mA for 
ZnO/LPSMO junction, indicates high field sensitivity exhibited by the heterostructure. 
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Fig. 3.16 Current (I) dependent variation in MR for (a) LPSMO / SNTO and (b) ZnO / 
LPSMO junctions of LP-1 heterostructure at 300 K under 8 T  
 
Presently studied LP-1 heterostructure, comprising of two p-n junctions, exhibits 
negative MR at 5 K and positive MR at 300 K (from I-V studies). At 5 K, in metallic 
region (below TP), under applied field, there is no possibility of movement of charge 
carriers from n-type ZnO and SNTO layers to the t2g↓ band of LPSMO, resulting in 
conventional negative MR which can be explained on the basis of field induced 
suppression in magnetic disorder and scattering of the charge carriers at the interface 
(zener double exchange mechanism). At 300 K (insulating region), under applied field, 
the crystal field splitting energy between the eg and t2g band decreases, while due to Jahn 
Teller distortion, the band gap between eg1 and eg2 increases preventing the filling of the 
eg2↑ band [25]. The electrons from ZnO or SNTO leak out toward the LPSMO interfaces 
and fill up the t2g↓ band instead of eg2↑ in Mn3+ (after filling the eg1↑ of Mn4+ ions) 
thereby building up a barrier which prevents the further leaking of electrons. This is due 
to the weakening of Hund’s rule coupling, thereby leading to the enhancement in VC and 
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positive MR which increases with increasing applied field. In addition, the cross over of 
MR from negative to positive can be attributed to the electronic phase present in the 
LPSMO manganite of LP-1 and LP-2 heterostructures. 
The observation of conventional negative MR at low temperature (5K) and 
positive MR at high temperature (300K) by the ZnO/LPSMO/SNTO heterostructure 
studied can be understood easily using a pictorial model respresenting the variation in the 
junction barrier height (ΦB) [obtained from the fitting of I-V datat using TE model] and 
saturation voltage (VC) at 5 and 300K for LP-1 heterostructure with applied field. 
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Fig. 3.17 Schematic representation of (a) decrease in the values of the exponent ΦB and 
VC with H at 5 K and (b) filling of the eg2↑ and t2g↓ orbitals of Mn - ions at 
300 K  
 
The decrease in VC and φB with increase in field results in the decrease in the 
resistance (negative MR) which can be understood on the basis of conventional field 
induced suppression in magnetic disorder at the interface region of both the junctions as 
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shown in the insets of fig. 3.17 (a), while the increase in φB and VC with field, suggests 
the occurrence of positive MR at 300K. The origin of positive MR, as discussed in the 
previous paragraphs, is the field induced modifications in the energy states of the 
LPSMO manganite layers. Using both, energy band modification (interface effect) and 
thermionic emission model, we have tried to understand the possible cause for the 
occurrence of positive MR and quantitatively correlate the transport mechanisms (ΦB) 
responsible for the conduction in the presently studied heterostructures. 
 
3.10 Field Effect Device Characteristics of the Heterostructure (LP-1) 
It is reported that, in additon to the rectification behavior exhibited by manganite 
based p-n junction diode, there is a significant dependence of transport behavior at 
junctions, on the applied electric field [36, 37]. It is observed that, the modification in 
junction resistance dueto electric field, leads to increase in TP with applied bias voltage 
[8]. Keeping in mind these findings, an affort is made to study the effect of electric field 
(bias voltage) on the junction resistance and I-V behaviorof the LPSMO manganite layer 
in LP-1 heterostructure at 300 K under zero applied field to understand electric field 
dependent modifications in transport of ZnO/LPSMO/SNTO heterostructure. Fig. 3.18 
depicts the external electrical bias and meassurement circuits configured for measuring 
the junction resistance (R-V) and I-V studies on ZnO/LPSMO/SNTO heterostructure.  
  
Fig. 3.18 Circuit diagrams showing the set up for R-V (left) and I-V (right) 
measurements on LP-1 at RT 
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Figs. 3.19 and fig. 3.20 show the electric field dependent variation in resistance 
(R) at 300 K under zero applied field under (i) SNTO biased positively and ZnO biased 
negatively and (ii) SNTO with negative bias and ZnO with positive bias. With increase in 
applied voltage, the resistance of LPSMO (ZnO - negatively biased) decreases resulting 
into the negative electroresistance (ER) effect. The variation in ER [ER (%) = {(RE – R0) 
/ R0} × 100] with bias voltage is shown in the inset of fig. 3.19, indicating the maximum 
ER ~ 99 % observed at 2100 mV. On the other hand, fig. 3.20 shows the variation in 
LPSMO resistance (ZnO - positively biased) indicating an enhancement in resistance 
with applied voltage resulting into the positive ER effect at 300 K. The maximum ER ~ 
13 % has been observed at 1250 mV applied bias voltage [inset of fig. 3.20]. 
Fig. 3.21 depicts the electric field (applied bias voltage across ZnO – SNTO) 
dependent I-V characteristics obtained across LPSMO manganite layer in LP-1 
heterostructure at 300 K under zero applied magnetic field. It can be clearly seen that, all 
the I-V curves are almost linear in nature due to the strain / disorder free LPSMO 
manganite layer (as measurements are carried out across LPSMO layer only). As shown 
in fig. 3.21 (a), the current across LPSMO increases with increasing applied bias voltage 
across ZnO – LPSMO [enlarged view shown in inset of fig. 3.21 (a)] when SNTO is 
negatively biased and ZnO is positively biased. This indicates the reduction in resistance 
with increasing applied bias voltage across ZnO – SNTO. On the other hand, in response 
to negatively biased SNTO and positively biased ZnO, the current across LPSMO 
decreases with increasing bias voltage across ZnO – LPSMO [fig. 3.21 (b)]. The reduced 
current across LPSMO [enlarged view shown in fig. 3.21 (b)] obtained with increasing 
bias voltage across ZnO – LPSMO signifies the enhancement in resistance. 
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Fig. 3.19 Variation of resistance of LPSMO with applied electric field at RT under 0T 
field. (ZnO having negative bias) 
Inset: ER vs V for LPSMO manganite layer of LP-1 heterostructure 
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Fig. 3.20 Variation of resistance of LPSMO with applied electric field at RT under 0T 
field. (ZnO having positive bias) 
Inset: ER vs V for LPSMO manganite layer of LP-1 heterostructure 
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Fig. 3.21 I vs V plots  obtained across LPSMO manganite layer of LP-1 heterostructure 
at 300 K under 0 T field under (a) positively biased SNTO and negatively 
biased ZnO and (b) negative biased ZnO and positively biased SNTO  
Inset: enlarged view of I-V plots 
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These observations suggest that, the field effect on the transport properties is 
governed by the dielectric (polarization) behavior of SNTO as well as ZnO. It is clear 
from the above results that, the electric field has a strong effect on the transport in 
LPSMO manganite layer when ZnO is negatively biased [ER ~ 99 %] with better 
seperation in I-V plots [inset of fig. 3.21 (a)] as compared to that in LPSMO having 
positively biased ZnO [fig. 3.21 (b)]. 
To explain these observed results and understand the phenomena responsible, the 
injection of charge carriers from ZnO and SNTO into the LPSMO manganite layer has 
been suggested. This effect is interesting in the sense that, it suggests a possibility for the 
electric field dependent modifications in the electronic (and magnetic) phase of the 
LPSMO manganite. Changes of the depletion layer under electric field affects the 
tunneling of charge carriers across the junction (interface). Fig. 3.22 depicts the pictorial 
description of the charge carrier injection under different ZnO bias conditions.  
 
Fig. 3.22 Model depicting the electron injection phenomenon under (a) negatively 
biased ZnO and (b) positively biased in LP-1 heterostructure 
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As shown in fig. 3.22, when ZnO is negatively biased and SNTO, positively 
biased, [fig. 3.22 (a)], the electrons are pushed from ZnO towards LPSMO manganite 
layer resulting in the enhancement in the charge carrier (electron) density at the ZnO - 
LPSMO interface which in turn increases the conductivity and hence reduction in 
LPSMO resistance. With increasing applied bias voltage, the resistance decreases and 
negative ER can be achieved [fig. 3. 19]. On the other hand, when ZnO is positively 
biased (i.e. SNTO - negative) [fig. 3.22], the electrons are attracted towards ZnO from the 
LPSMO surface leading to the increase in the resistance of the LPSMO layer with applied 
bias across ZnO - SNTO resulting in the positive ER effect in the LP-1 heterostructure 
[fig. 3. 20]. This indicates a strong electric effect on the transport in LPSMO manganite. 
 
Conclusions 
To summarize, we have successfully fabricated manganite based 
ZnO/LPSMO/SNTO heterostructures using PLD technique. XRD and φ - scan 
measurements show the epitaxial growth of the p-type LPSMO manganite on the SNTO 
substrate, while polycrystalline growth of ZnO on LPSMO in both LP-1 and LP-2 
heterostructures. AFM micrographs reveal island like grain growth in LP-1 and compact 
grain growth in LP-2 heterostructure. LPSMO / SNTO junction shows TP ~ 226 K (LP-1) 
and 297 K (LP-2) while it becomes 278 K (LP-1) and 305 K (LP-2) for ZnO / LPSMO 
junction. The reduction in resistivity and enhancement in 100 to 200 nm LPSMO has 
been attributed to the improved crystallinity of the heterostructure i.e. reduced interface 
contribution to the transport. From the I-V characteristics it can be seen that, both the 
heterostructures exhibit good rectifying behavior in wide temperature and field range. 
The reverse saturation voltage is suppressed at low temperatures < 200 K and enhanced at 
high temperatures > 200 K, indicating a cross over of MR from conventional negative to 
positive at ~ 300 K. Both the junctions show negative MR at 5 K and positive MR at 300 
K. At 5 K, in metallic region (below TP), under applied field, there is no possibility of 
movement of charge carriers from n-type ZnO and SNTO layers to the t2g↓ band of 
LPSMO, resulting in conventional negative MR. This is due to magnetic field induced 
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suppression in magnetic disorder and scattering of the charge carriers at the interface 
(zener double exchange mechanism). At 300 K (insulating region), under applied field, 
the crystal field splitting energy between the eg and t2g band gap decreases, while due to 
Jahn Teller distortion, the band gap between eg1 and eg2 becomes larger which prevents 
the filling of the eg2↑ band. The electrons coming from ZnO or SNTO leak out toward 
the LPSMO interfaces and fill up the t2g↓ band instead of eg2↑ in Mn3+ (after filling the 
eg1↑ in Mn4+ ions) thereby building up a barrier which prevents the further leaking of 
electrons. This is due to the weakening of Hund’s rule coupling, thereby leading to the 
enhancement in VC and positive MR which increases with increasing applied field in the 
heterostructures under study. There is a strong effect of electric field on the resistance 
(transport) of LPSMO layer in LP-1 heterostructure. With increase in applied voltage, the 
resistance of the LPSMO layer decreases resulting into the negative electroresistance 
(ER) effect. The variation in ER [ER (%) = {(RE – R0) / R0} × 100] with bias voltage is 
shown in the inset of indicating the maximum ER ~ 99 % can be observed at 2100 mV. 
The maximum ER ~ 13 % can be achieved at 1250 mV applied bias voltage.  
This effect is interesting in the sense that, it suggests a possibility for the electric 
field dependent modifications in the electronic (and magnetic) phase of the LPSMO 
manganite. Changes of the depletion layer, under electric field, affects the tunneling of 
charge carriers across the junction (interface). With increasing applied bias voltage, the 
resistance decreases and negative ER can be achieved. When SNTO (ZnO) is subjected to 
negative (positive) bias, the electrons are attracted by the ZnO from the LPSMO surface 
and hence the resistance of the LPSMO layer increases with increasing applied bias 
across ZnO - SNTO which results into the positive ER effect in the LP-1 heterostructure.  
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4.1 Introduction 
Rapid developments in thin film technologies have spurred by the growing 
importance of micro-electronics which include the entire field of miniaturisation of 
integrated circuits and hybrid circuits. Devices or components made from films have 
advantages over those made from bulk materials because of numerous factors. They are 
used in computer memories, calculators, high speed switching etc. Spin polarized 
transport can be driven by an imbalance of electron spins which in turn leads to 
fabrication of quality electronic devices based not only on electrons and holes driven by 
electric fields but also on spin-up and spin-down electrons biased and controlled by 
external applied magnetic fields. Keeping this, in consideration, there is a continual 
search for quality based methods and materials to utilize their magnetic response in 
electronic devices, i.e. to perform spintronic applications through, for example, hybrid 
devices like spin valves, magnetic read and write heads, magnetic tunnel junctions, 
temperature and field sensors, diodes and field effect transistors. The performance of 
these large spintronic applications exclusively requires strong spin-electron coupling in 
the system. Perovskite manganites exhibit a strong electron-spin coupling, within the 
structure, manifesting magnetoresistance (MR) effect near the simultaneous magnetic 
[ferromagnetic (FM) - paramagnetic (PM), TC] and electronic [metal (M) - insulator (I), 
TP] transitions as well as fully spin polarized ground state depending upon the single 
electron bandwidth, i.e. structure under consideration. 
The delicate interplay between different sources of energy, such as kinetic and 
electro-static energies, of the mobile carriers and their coupling to the lattice and strong 
coupling between spin, charge and lattice degrees of freedom, leads to a wide range of 
striking physical phenomena in the manganites [1]. Out of them, MR behavior of mixed 
valent manganites has been governed by the intrinsic electronic inhomogeneities in the 
form of coexisting competing magnetic (as well as electronic) phases [2]. In addition, 
phase separation and related phenomena can satisfactorily explain the origin of MR in the 
manganites [3]. 
Strontium titanate [SrTiO3 (STO)] exhibits large insulation capacity while 
electron doped STO has long been used as a semiconducting element in rectifying 
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junctions [4, 5] in which substitution of Nb at Ti-site in STO generates conduction 
electrons [6]. Electric and magnetic properties of mixed valent manganites are very 
sensitive function of charge carrier concentration. The parent compound, LaMnO3 is 
antiferromagnetic (AFM) insulator [7] while doped manganites undergo transitions at TC 
and TP [8]. By changing the carrier concentration, the electrical and magnetic 
characteristics of the doped manganites can be tuned as per the specific device 
requirements. The La0.7Sr0.3MnO3 (LSMO) manganite is a typical double exchange 
system with highest TC and TP ~ 360 K, amongst all the other manganite compounds, due 
to its large one electron bandwidth [9]. In ZnO, electrons are the dominant charge carriers 
as it is oxygen deficient under normal fabrication condition and can be used as a counter 
electrode due to its n-type conducting nature. 
Unusual anomaly exhibited by the manganite based magnetic field driven 
electronic diodes is, the positive MR. Several results available on the observation and 
study of positive MR in La0.9Sr0.1MnO3 / SrNb0.01Ti0.99O3 manganite based diodes have 
been satisfactorily explained on the basis of phase separation scenario in manganites [2], 
interface effect in the space charge region [10] and electronic energy state [11]. Although 
there exists a large lattice mismatch between La0.7Sr0.3MnO3 and ZnO, Tiwari et al have 
observed excellent rectifying characteristics in the La0.7Sr0.3MnO3 / ZnO / Al2O3 
heterostructure [12]. Another report by K.X. Jin et al reveals the possibility of the 
occurrence of positive MR which has been attributed to the magnetic field induced 
modifications in the depletion layer and carrier capturing effect in the ZnO / 
La0.7Sr0.3MnO3 / LaAlO3 (LAO) heterostructure [13]. In addition to the studies on 
La0.7Sr0.3MnO3 and ZnO based thin film diodes, few reports exist on the rectifying 
behavior of Sr-doped LaMnO3 manganite based p-n junctions comprising of n-type Nb-
doped STO substrates [3, 10]. H.B. Lu et al have successfully demonstrated a strong 
effect of charge carrier concentration on the rectification behavior of La1-xSrxMnO3 / 
SrNbyTi1-yMnO3 [11]. P.S. Vachhani et al have reported a high field sensitivity at room 
temperature (RT) in p-n junction based bilayered La0.5Pr0.2Sr0.3MnO3 / SrNb0.2Ti0.8O3 
manganite based devices [14].  
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To the best of our knowledge, few reports exist on the studies on heavily doped, 
La0.67Sr0.33MnO3 films on SNTO substrates [15]. In our maiden attempt to study the I-V 
rectification of PLD grown ZnO / La0.7Sr0.3MnO3 (LSMO ) / SrNb0.002Ti0.998O3 (SNTO) 
heterostructure deposited on conducting (100) oriented SNTO substrate, we observe 
excellent rectifying behavior along with the positive MR at RT under the fields up to 8 T. 
In this chapter, the results obtained are discussed in the context of formation of complex 
band structure of LSMO manganite at the respective interfaces (LSMO / SNTO and ZnO 
/ LSMO) at various temperatures and fields and the presence of electronic phases in the 
LSMO manganite studied. In addition, the nature of the transport in the heterostructure 
studied has been discussed by taking into account the interface effects and charge 
ordering phenomenon due to the oxygen deficiency during the LSMO film fabrication 
and stoichiometric formation of La0.7Sr0.3Mn1-xZnxO3 at ZnO / LSMO junction. Also, the 
mechanisms based on various transport phenomena responsible for the I-V rectification at 
various temperatures and fields have been discussed in detail in this chapter. 
 
4.2 Experimental Details 
High quality oxide based p-n junction comprising of La0.7Sr0.3MnO3 (LSMO) 
(100 nm) manganite film deposited on SrNb0.002Ti0.998O3 (SNTO) substrate (100) using 
PLD technique. ZnO (50 nm) was deposited on to it (with suitable masking of LSMO 
layer) under the following deposition conditions, resulting in the ZnO/LSMO/SNTO 
heterostructure.  
Table 4.1: Thin film deposition parameters 
 
 
 
 
 
 
Laser used    KrF Excimer (248 nm) 
Targets    LSMO & ZnO; Polycrystalline bulk 
Substrates    SrNb0.002Ti0.998O3;  
     Single crystalline (1 0 0) 
Laser energy   ~ 220 mJ/cm2 
Substrate to target distance 50 mm 
Repetition rate   10 Hz 
Substrate temperature  600 °C 
Oxygen partial pressure  300 mTorr 
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Phase purity and crystallographic structure of the heterostructure under study was 
determined by X-ray diffraction (XRD) technique while surface morphology of the as-
deposited film (ZnO layer) was studied by atomic force microscope (AFM) in tapping 
mode. Transport and magnetotransport properties were investigated by taking the I-V and 
magneto I-V as well as R-T and R-H measurements across both, LSMO / SNTO and ZnO 
/ LSMO p-n junctions of the heterostructure in the temperature range 5 - 300 K under the 
0 - 8 T fields using four probe technique with current perpendicular to plane (CPP) 
geometry. Fig. 4.1 shows the schematic representation of heterostructure understudy 
along with the current perpendicular to (film) plane (CPP) geometry of the transport 
measurements. 
 
Fig. 4.1 CPP geometry of transport measurements on ZnO/LSMO/SNTO 
heterostructure (Schematic view) 
 
4.3 Structural Properties 
XRD pattern of the ZnO/LSMO/SNTO heterostructure [fig. 4.2 (a)] shows the 
single crystalline nature and a-axis oriented growth having lattice mismatch between 
LSMO film and SNTO substrate evident from the positional difference between film and 
substrate peaks at ~ 23o, 47o and 73o. The structural strain quantified using δ (%) = 
[(dsubstrate - dfilm) / dsubstrate] × 100 shows that LSMO / SNTO possesses ~ 1.46 % tensile 
strain [by considering (200) film and substrate peaks]. The observed FWHM of LSMO 
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film grown on SNTO substrate is found to be ~ 0.4o, indicating better crystalline quality 
of the heterostructure. The average particle size (of LSMO film) determined by 
Scherrer’s formula [PS = (0.9 × λ) / (FWHM × cos θ)] is, ~ 22.30 nm. It can be seen that, 
at 2θ ~ 35o and 56o presence of ZnO peaks indicates polycrystalline growth of ZnO on 
LSMO / SNTO. Fig. 4.2 (b) shows the XRD - φ-scan of LSMO film, performed by titling 
the specimen in (101) direction from (002) specimen crystal plane. Full scan was done by 
rotating the heterostructure about the surface normal from 0o to 360o keeping the value of 
θ and χ (45 o for LSMO) constant. φ-scan pattern shows four sharp peaks of  LSMO in 
XRD φ-scan pattern, each separated by 90o, confirming the cubic symmetry and epitaxial 
growth of LSMO layer on SNTO substrate. 
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Fig. 4.2 (a) Typical XRD pattern of ZnO/LSMO/SNTO heterostructure 
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Fig. 4.2 (b) φ-scan of LSMO film of heterostructure 
 
4.4 Microstructural Properties 
Analysis of the typical AFM micrograph obtained on ZnO surface of ZnO / 
LSMO / SNTO heterostructure (fig. 4.3) shows island like grain growth with average 
grain size ~ < 200 nm and rms surface roughness ~ 9 nm. 
 
Fig. 4.3 AFM micrograph of ZnO layer of heterostructure (5.0 μm × 5.0 μm)  
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4.5 Transmission Electron Microscopy 
 Fig. 4.4 (a) and (b) show the cross sectional high resolution TEM (HRTEM) 
images of both LSMO / SNTO and ZnO / LSMO junctions of the heterostructure. The 
HRTEM image (a) shows that, the interface is perfectly oriented and the epitaxial 
crystalline structure shows the orientation relation of SNTO (100) / LSMO (100), a-axis 
oriented growth. A sharp interface line can be clearly seen by the arrows in fig. 4.4 (a). 
From fig. 4.4 (b) it can be seen that, the diffusion of Zn (ZnO) takes place in LSMO at 
the interface region. The difuusion region is indicated in between four arrows while two 
bigger arrows are used to indicate the interface between the diffused LSMO-ZnO layers. 
 
 
Fig. 4.4 Cross sectional HRTEM of (a) LSMO / SNTO and (b) ZnO / LSMO of the 
heterostructure 
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4.6 Electrical Transport Properties (Temperature Dependence of Resistance) 
Temperature dependence of the junction resistance measured across LSMO / 
SNTO and ZnO / LSMO interfaces under 0 and 8 T applied magnetic fields is shown in 
fig. 4.4. It can be seen that, both the junctions show metal (dR / dT > 0) to insulator (dR / 
dT < 0) transition at TP ~ 134 K (LSMO/SNTO) and ~ 131 K (ZnO/LSMO) with peak 
junction resistance value RP ~ 226 Ω and ~ 168 Ω under 0T field, respectively. 
La0.7Sr0.3MnO3 (LSMO) manganite is known to exhibit TP ~ 360 K well above RT due to 
its large one electron bandwidth [16]. In the presently studied heterostructure, TP 
exhibited by both the junctions are < 360 K which can be attributed to the CPP geometry 
of transport measurements across the junctions. In CPP mode the current passes through 
the plane perpendicular to the film and hence suffer from the (strained and structurally 
disordered) interface existing at the junctions which suppresses the transport by 
enhancing the resistance and reduction in TP as compared to LSMO manganite. 
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Fig. 4.5 Temperature dependence of junction resistance measured across LSMO / 
SNTO and ZnO / LSMO interfaces of heterostructure 
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Both the interfaces in ZnO / LSMO / SNTO heterostructure show a resistance 
upturn behaviour at low temperature (< 50K) (fig. 4.4) which can be attributed to oxygen 
non-stoichiometry at the LSMO / SNTO interface generated during the LSMO film 
deposition which inturn results into the charge ordered [17] or structurally disordered 
(strained) state at the interface (fig. 4.5) giving rise to insulating behaviour in R (T) plots 
of LSMO / SNTO junction at low temperature [18]. Also, the observation of similar R-T 
upturn at the ZnO / LSMO interface of heterostructure studied (fig. 4.4) can be ascribed 
to the formation of non-stoichiometric phase at the interface due to Zn-doping. It is 
reported that, Zn-substitution in La0.8Sr0.2MnO3 manganites affects the structure, 
transport and magnetic properties, i.e. changes the ferromagnetic phase to paramagnetic 
and increases the resistivity due to the degradation of double exchange between the Mn3+ 
- O2- - Mn4+ [19]. There is a possibility of generating the Mn3+ - Mn4+ pairs at the 
interface due to the non-stoichiometric La0.7Sr0.3Mn1-xZnxO3 composition which results 
into the charge ordered state and hence insulating behavior at the interface at low 
temperature. In the present work, we suggest that the formation of La0.7Sr0.3Mn1-xZnxO3 
stoichiometric phase, due to incorporation of Zn at Mn - site in LSMO manganite, during 
the film formation, results in to suppression of zener double exchange and hence 
insulating behaviour at temperature < 50K.  
 
Tunneling 
Fig. 4.6 Schematic representation of the charge ordered state formed at the interface of 
LSMO/SNTO junction 
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It can be seen from fig. 4.4 that, below ~ 175 and 165 K, respectively, LSMO / 
SNTO and ZnO / LSMO junctions show the suppression in resistance under the 
application of magnetic field of 8 T, i.e. negative MR effect, while above the respective 
temperatures; the junctions exhibit an enhanced resistance under 8 T field indicating the 
positive MR effect. This variation in MR value from negative to positive with 
temperature challenges the understanding of the mechanism for the Colossal 
Magnetoresistance (CMR) effect. This interesting anomaly of the temperature dependent 
cross over from negative to positive MR in the heterostructure has been described and 
discussed on the basis of the electronic phases present in the LSMO manganite in section 
4.9.  
 
4.7 Magnetotransport Properties (Field Dependence of Magnetoresistance) 
To understand the variation in MR with field across LSMO / SNTO and ZnO / 
LSMO interfaces, MR vs H isotherms were recorded at various temperatures and fields 
up to 8 T and are shown in fig. 4.6 (at 5 and 100 K) and fig. 4.7 (at 200 and 300 K) 
respectively. It can be seen that, both the junctions exhibit negative MR at 5 and 100 K 
which becomes positive at 200 and 300K. At 5K, below 1T, the heterostructure exhibit 
small positive MR which becomes negative and increasing with field [inset fig. 4.6 (a)]. 
A large RT positive MR ~ 62 and 50 % under 8T field is exhibited by LSMO/SNTO and 
ZnO/LSMO junctions respectively (fig. 4.7). An explanation for the temperature 
dependent crossover of MR from negative to positive and the mechanisms underlying it, 
has been discussed in section 4.9 of this chapter.  
Similar to high field MR at 5 K, both the interfaces exhibit conventional negative 
MR at 100 K up to 8 T applied field. As discussed above in section 4.5 of chapter 4, the 
MR effect crosses over from negative (in metallic region, below TP) to positive (in 
insulating region, above TP) (fig. 4.4), similarly, at 200 and 300 K, the anomalous large 
positive MR is exhibited by both the interfaces (fig. 4.7). LSMO / SNTO and ZnO / 
LSMO interfaces, respectively, show the large positive MR ~ 62 and 50 % under 8 T 
field at RT which has the potential for applications like large field sensitivity [14].  
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Fig. 4.7 MR vs H isotherms for LSMO / SNTO and ZnO / LSMO interfaces at 5 K. 
Inset (a): Enlarged view of MR vs H plots at 5K 
Inset (b): MR (%) vs H isotherms for both the interfaces at 100 K 
0 10 20 30 40 50 60 70 80
0
10
20
30
40
50
60
H (kOe)
M
R
 (%
)
300K
 LSMO/SNTO
 ZnO/LSMO
200K
 LSMO/SNTO
 ZnO/LSMO
 
Fig. 4.8 MR vs H isotherms for LSMO / SNTO and ZnO / LSMO interfaces at 200 
and 300 K 
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4.8 I-V Characteristics: Temperature Dependent 
I-V characteristics of LSMO/SNTO and ZnO/LSMO junctions of the 
heterostructure, under 0 and 8T at various temperatures are plotted in figs 4.8 - 4.11 
respectively. During I-V measurements, the positive voltage bias is defined by the current 
flow from LSMO to SNTO in LSMO/SNTO junction and LSMO to ZnO in ZnO/LSMO 
junction. It can be seen that, both the junctions exhibit, good rectifying behavior at 
various temperatures and fields, similar to the conventional p-n junctions. All the I-V 
curves show a sharp increase in current at saturation voltage (VC) which gets affected by 
temperature and field. With increase in temperature from 5 to 300 K, VC decreases. 
Unlike conventional p-n junctions, slope of I-V curves increases with temperature. In 
forward (reverse) bias condition, the charge carriers are driven over the energy barrier at 
LSMO/SNTO (ZnO/LSMO) interface. With increasing temperatures, the flow of charge 
carriers increases resulting in the reduction in VC and hence resulting in the increase in 
current slope coefficient with temperature. Also, due to the reduction in spin split energy 
of eg band in metallic region, the energy required for tunneling of conduction electrons 
across the LSMO/SNTO (ZnO/LSMO) interface barrier is reduced resulting in enhanced 
conduction and hence current, with temperature. 
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Fig. 4.9 I-V plots of LSMO / SNTO junction at different temperatures under 0 T field 
Inset: schematic diagram of the heterostructure 
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Fig. 4.10 I-V plots of LSMO / SNTO junction at different temperatures under 8 T field 
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Fig. 4.11 I-V plots of ZnO / LSMO junction at different temperatures under 0 T field 
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Fig. 4.12 I-V plots of ZnO / LSMO junction at different temperatures under 8 T field 
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4.9 I-V Characteristics: Field Dependent 
Field dependent I-V behavior of LSMO / SNTO and ZnO / LSMO junctions of 
the ZnO / LSMO / SNTO heterostructure, obtained at 5, 100 and 300K, are shown in figs. 
4.12 - 4.15, respectively. All the I-V curves, collected under various fields (up to 8 T) 
show good rectifying behavior. In both the junctions, at 5 and 100 K, the slope of I-V 
curves increases with increase in magnetic field (from 0 to 8T) resulting in the reduction 
in VC and hence conventional negative MR. Magnetic field effect on I-V, is more 
pronounced at 5 K as compared to at 100 K, while under reverse bias, magnetic field does 
not affect VC appreciabely. At 300K, the effect of magnetic field on the I-V behavior is 
exactly opposite, resulting in an enhancement in VC leading to positive MR effect. This 
effect is more pronounced in reverse bias condition as compared to that at 5 and 100 K, 
because the resistance in reverse bias, at 300 K, is larger than that in forward bias. The 
possible mechanisms, for the observation of negative and positive MR at low and high 
temperatures, have been discussed in detail in section 4.9 of this chapter.  
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Fig. 4.13 Field dependent changes in I-V plots of  LSMO / SNTO  junction at 5 and 100 
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Fig. 4.14 Field dependent changes in I-V plots of LSMO / SNTO junction at 300 K 
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Fig. 4.15 Field dependent changes in I-V plots of ZnO / LSMO junction at 5 and 100 K 
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04
-40
-20
0
20
40
+V +I
-I -V
ZnO
LSMO
SNTO
8T
0T
0T
8T
ZnO/LSMO
          300K
 0T
 1T
 5T
 8T
I (
m
A
)
V (V)  
Fig. 4.16 Field dependent changes in I-V plots of LSMO / SNTO junction at 300 K 
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Variation of MR (calculated using the VCO, zero field saturation voltage and VCH, 
saturation voltage under field) with H at different temperatures for LSMO/SNTO and 
ZnO/LSMO junctions is shown in figs. 4.16 and 4.17, respectively. It can be seen that, 
MR across LSMO/SNTO junction is negative at temperature T≤ 120 K which becomes 
positive and large above 120 K (fig. 4.16). Similarly, for ZnO/LSMO junction, negative 
MR (below 150 K) becomes positive above 150 K. Maximum calculated positive MR ~ 
67 and 45 % under 8 T exhibited by LSMO / SNTO and ZnO / LSMO junctions, 
respectively, is useful for field sensing applications of the presently studied 
heterostructure. Higher value of MR across LSMO / SNTO as compared to ZnO / LSMO 
can be attributed to the strong effect of magnetic field on the structurally strained 
interface between LSMO and SNTO substrate. In addition, MR at 300 K increases with 
increase in field indicating a lack of spin polarization even under 8 T field.  
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Fig. 4.17 MR vs H isotherms for LSMO / SNTO junction (MR calculated using 
{(VC0 – VCH) / VC0} × 100) 
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Fig. 4.18 MR vs H isotherms for ZnO / LSMO junction (MR calculated using 
{(VC0– VCH) / VC0} × 100) 
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4.10 Magnetotransport Properties (Transport Mechanisms) 
In this section, the mechanisms responsible for charge transport across LSMO-
SNTO and ZnO-LSMO junctions of ZnO/LSMO/SNTO heterostructure, leading to 
interesting, temperature and field dependent crossover of MR from negative to positive 
for both the juntions, have been discussed in detail. Studies on temperature and field 
dependent variation in junction resistance and I-V behavior of both the junctions, shows 
the following three important aspects of MR - (i) low temperature conventional negative 
MR, (ii) anomalous positive MR at high temperature and (iii) temperature and field 
dependent variation in the signature of the MR. 
Observation of low temperature negative MR across both the junctions can be 
attributed to the conventional zener double exchange mechanism, field induced interface 
modifications and suppression in the magnetic disorder at Mn-O-Mn bond angles. The 
Second, observation of positive MR at higher temperature, across both the junctions can 
be understood as below - Mn possesses +3 or +4 valency depending on the amount and 
nature of doping in mixed valent manganites. Mn+4 has three electrons while Mn+3 has 
four electrons in its outermost orbital, among which three occupy t2g band and one 
occupy eg band (which is empty in Mn+4). Due to Hund’s coupling, conducting eg band 
further splits into two sub-bands, namely, eg1 and eg2. The energy band gap of eg level is 
nothing but the energy required to tunnel the conduction electrons, i.e. VC. In the 
insulating region, under application of magnetic field, the band gap between eg1 and eg2 
increases [19, 22] and hence eg2 is located near t2g↓ band resulting into the enhancement 
in VC and hence positive MR at higher temperatures. 
The third and most important observation of temperature and field dependent 
variation in the signature of MR can be understood as -  
In LSMO manganite, the physical origin of positive MR in particular temperature range 
has been attributed to the competing tunneling rates of electrons between eg1 and t2g↓ 
bands of LSMO at the interface region [10]. It is known that conventional negative MR is 
mainly due to the presence of ferromagnetic metallic phase owing to its intrinsic 
characteristic [23-27] while positive MR is due to the modifications at the interfaces of 
the manganite based heterostructure [11]. During the course of present study, from R(T), 
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R(H) and I(V) studies across LSMO/SNTO and ZnO/LSMO junctions, at low 
temperatues (in metallic state), both the junctions, exhibit negative MR while, at high 
temperaute (insulating state), large positive MR is exhibited. In metallic region, under the 
application of magnetic field, the band gap between eg1 - eg2 levels is zero and hence 
conduction (minority) electrons fill the eg band first (eg1 then eg2 in Mn4+ and eg2 in Mn3+) 
which in turn reduces the possibility of Jahn - Teller distortion (by filling an even number 
of electrons in eg) and hence enhance the conductivity resulting into the decrease in VC 
leading to negative MR. On the other hand, in insulating region, the density of states in 
the t2g↓ band (which is highly dependent on temperature) in the interface region plays a 
crucial role for the observation of positive MR. In insulating region, under the application 
of magnetic field, due to the Jahn - Teller distortion, (the band gap between the eg1 - eg2) 
is large and hence eg2 is located near the t2g↓ band. The electrons (minority charge 
carriers) fill the t2g↓ band which results into the reduction in magnetization as well as in 
conductivity resulting in the increase in VC (and resistance) leading to positive MR at 
high temperature. In other words, the creation of the interface region with electron filling 
t2g↓ band in LSMO, is the origin of positive MR in the ZnO/LSMO/SNTO 
heterostructure.  
At low temperature (5 K), a small positive MR [inset (a) of fig. 4.6] in the charge 
ordered (insulating) phase is observed which gets suppressed under the application of 
magnetic field ≥ 1 T. This can be attributed to the field induced weakening of the charge 
ordered insulating phase. At 100 K, the effect of magnetic field is comparatively less as 
compared to at 5 K, because, as the temperature increases the positive MR contribution 
increases which suppresses the effect of field on the I-V curves at 100 K (near TP) as 
compared to 5 K. All these observations and results indicate the strong field and 
temperature dependent MR behavior in the presently studied PLD grown ZnO / LSMO / 
SNTO heterostructure. 
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4.11 Magnetotransport Properties (Current dependent MR) 
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Fig. 4.19 MR vs I for LSMO / SNTO junction at 300 K under various fields 
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Fig. 4.20 MR vs I for ZnO / LSMO junction at 300 K under various fields 
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It can be clearly seen from the figs. 4.18 and 4.19 that, both the junction show a 
positive MR at 300 K. The origin of this positive MR has already been explained in 
section 4.9. Maximum possible MR ~ 141 % across LSMO / SNTO junction and ~ 118 % 
across ZnO / LSMO junction has been observed under the application of 8 T field. The 
positive MR decreases with increasing current across both the junctions. At almost zero 
applied current, an exhibition of large MR, by both the junctions, is the potential of the 
heterostructure for the device applications.  
 
Conclusions 
In summary we have successfully fabricated back to back two p-n junctions ZnO / 
LSMO and LSMO / SNTO on single crystalline SNTO substrate with various novel 
properties. XRD measurements show that, the heterostructure possesses single crystalline 
epitaxial nature. AFM studies show that, the average grain size is ~ 200 nm with even 
grain distribution in the heterostructure. From R-T measurements, LSMO / SNTO 
junction exhibits, TP ~ 134 K, while ZnO / LSMO junction shows, TP ~ 131 K under zero 
applied field. The transition observed at low temperature has been ascribed to the oxygen 
deficiency at the LSMO / SNTO interface generated during the LSMO film deposition. 
While in ZnO/LSMO junction, the low temperature transport is due to the 
nonstoichiometric La0.7Sr0.3Mn1-xZnxO3 composition resulting in a charge ordered state 
and insulating phase at the ZnO - LSMO interface. From MR-H plots a small negative 
MR ~ 7 % under 8 T field at 5 K indicates better structural interfaces of the 
heterostructure. At low applied fields < 1 T, the MR is negligible and positive which 
becomes negative with increasing field. Similar to high field MR at 5 K, both the 
interfaces exhibit conventional negative MR at 100 K under 8 T field. From the I-V plots 
of both the junctions at various temperatures in presence of 0 and 8 T fields, a good 
rectification behavior is observed. At low temperature MR across both the p-n junctions 
is attributed to the conventional zener double exchange mechanism and magnetic field 
induced interface modifications and the suppression in the magnetic disorder at Mn-O-
Mn bond angles. The positive MR at higher temperatures across the interfaces is due to 
the filling of the t2g↓  band of Mn3+ of LSMO and weakening of Hund’s rule. Maximum 
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possible MR ~ 141 % across LSMO / SNTO junction and ~ 118 % across ZnO / LSMO 
junction has been observed under the application of 8 T field. The positive MR decreases 
with increasing current across both the junctions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV - 25 
 
 
                                       Studies on PLD Grown _ _ _ _ Manganite Based Heterostructure 
 
References 
[1] J.M.D. Coey, M. Viret and S. Von Molnair, Adv. Phys. 48, 167 (1999) 
[2] E. Dagotto, T. Hotta and A. Moreo, Phys. Rep. 344, 1 (2001) 
[3] Chun-lian Hu, Kui-juan Jin, Peng Han, Hui-bin Lu, Leng Liao and Guo-Zhen 
Yang, Appl. Phys. Lett. 93, 162106 (2008) 
[4] S. Shapiro, Phys. Rev. 140, A169 (1965) 
[5] J.E. Carnes and A.M. Goodman, J. Appl. Phys. 38, 3091 (1967) 
[6] H.P.R. Frederikse, W.R. Thurber and W.R. Hosler, Phys. Rev. 134, A442 (1964) 
[7] R. Von Helmolt, J. Wecker, B. Holzapfel, L. Schultz and K. Samwer, Phys. Rev. 
Lett. 71, 2331 (1994) 
[8] S.E. Lofland, S.M. Bhagat, H.L. Ju, G.C. Xiong, T. Venkatesan and R.L. Greene, 
Phys. Rev. B 52, 15058 (1995) 
[9] G. Van Tendeloo, O.I. Lebedev, M. Hervieu and B. Raveau, Rep. Prog. Phys. 67, 
1315 (2004) 
[10] Kui-juan Jin, Hui-bin Lu, Qing-li Zhou, Kun Zhao, Bo-lin Cheng, Zheng-hao 
Chen, Yue-liang Zhou and Guo-zhen Yang, Phys. Rev. B 71, 184428 (2005) 
[11] H.B. Lu, S.Y. Dai, Z.H. Chen, Y.L. Zhou, B.L. Cheng, K.J. Jin, L.F. Liu, X.L. Ma 
and G.Z. Yfang, Appl. Phys. Lett. 86, 032502 (2005) 
[12] Ashutosh Tiwari, C. Jin, D. Kumar and J. Narayan, Appl. Phys. Lett. 83, 1773 
(2003) 
[13] K.X. Jin, S.G. Zhao, C.L. Chen, J.Y. Wang and B.C. Luo, Appl. Phys. Lett. 92, 
112512 (2008) 
[14] P.S. Vachhani, J.H. Markna, D.G. Kuberkar, R.J. Choudhary and D.M. Phase, 
Appl. Phys. Lett. 92, 043506 (2008) 
[15] F.M. Postma, R. Ramaneti, T. Banerjee, H. Gokcan, E. Haq, D.H.A. Blank, R. 
Jansen and J.C. Lodder, J. Appl. Phys. 95, 7324 (2004) 
IV - 26 
 
 
                                       Studies on PLD Grown _ _ _ _ Manganite Based Heterostructure 
 
[16] G. Van Tendeloo, O.I. Lebedev, M. Hervieu and B. Raveau, Rep. Prog. Phys. 67, 
1315 (2004) 
[17] A.S. Ogale, S.R. Shinde, V.N. Kulkarni, J. Higgins, R.J. Choudhary, D.C. 
Kundaliya, T. Polleto, S.B. Ogale, R.L. Greene and T. Venkatesan, Phys. Rev. B 
69, 235101 (2004) 
[18] A. Tebano, C. Aruta, S. Sanna, P. G. Medaglia, G. Balestrino, A. A. idorenko, R. 
De Ren, G. Ghiringhelli, L. Braicovich, V. Bisogni and N. B. Brookes, Phys. Rev. 
Lett. 100, 137401 (2008) 
[19] E. Sotirova, X.L. Wang, J. Horvat, T. Silver, K. Konstantinov and H.K. Liu, 
Supercond. Sci. Technol. 15, 346 (2002) 
[20] H. Tanaka, J. Zhang and T. Kawai, Phys. Rev. Lett. 88, 027204 (2002) 
[21] X. P. Zhang, B. T. Xie, Y. S. Xiao, B. Yang, P. L. Lang, and Y. G. Zhao, Appl. 
Phys. Lett. 87, 072506 (2005). 
[22] J.R. Sun, C.M. Xiong, T.Y. Zhao, S.Y. Zhang, Y.F. Chen and B.G. Shen, Appl. 
Phys. Lett. 84, 1528 (2004) 
[23] S. Yunoki, J. Hu and A.L. Malvezzi, Phys. Rev. Lett. 80, 845 (1998) 
[24] S. Yunoki and A. Moreo, Phys. Rev. B 58, 6403 (1998) 
[25] M. Uehara, S. Nori, C.H. Chen and S.W. Cheong, Nature 399, 560 (1999) 
[26] A. Moreo, S. Yunoki and E. Dagotto, Science 238, 2034 (1999) 
[27] A. Morio, M. Mayr, A. Feiguin, S. Yunoki and E. Dagotto, Phys. Rev. Lett. 84, 
5568 (2000) 
  
 
Chapter 5 
Studies on Fabrication and Testing of Manganite Based Field 
Effect devices 
 
5.1 Introduction         V - 01 
5.2 Experimental Details        V - 03 
5.3 Structural Properties        V - 05 
5.4 Microstructural Properties       V - 07 
5.5 Electrical Transport Properties (Temperature Dependence of Resistance)  V - 10 
5.6 Magnetotransport Properties (Field Dependence of resistance)   V - 15 
5.7 Transport Properties (I-V Characteristics: Temperature & field dependent) V – 17 
5.8 Room Temperature & Zero Field – Field Effect Device Characteristics 
of L51 Heterostructure        V – 20 
 Conclusions         V - 29 
References         V - 34 
 
V - 1 
 
Studies on Fabrication and Testing of Manganite Based Field Effect Devices 
 
5.1 Introduction 
Mixed valent Manganites are known to exhibit metal-insulator transition 
accompanied by colossal magnetoresistance (CMR) effect [1-4]. They exhibit intrically 
related structural, transport and magnetic properties as well as existence of metallic 
phases and fully spin-polarized conduction band making them promising materials for 
potential device applications [1, 2]. 
La0.7Sr0.3MnO3 (LSMO) manganite is a well known compound having largest one 
electron bandwidth as well as the highest TC (~ 360K) among the CMR manganites 
family [5]. One of the most promising field of application for LSMO thin films is its use 
in tunnel junctions, because of high degree of spin polarization exhibited and the ability 
of spin-dependent tunneling across a thin insulating layer. This makes LSMO an 
attractive candidiate for on-off operations in computer memories as well as spin valves in 
magnetic sensors and read-write heads of hard disks [6]. On the other hand, zinc oxide 
(ZnO) is a II-VI group semiconductor which exhibits n-type conduction mostly due to 
oxygen deficiency or sometimes due to excess of zinc. It has numerous potential 
applications in short wavelength optoelectronic devices and sensors because of its large 
direct optical band gap (~ 3.37eV) and exciton binding energy (~ 60meV) [7-10]. 
Although, there exists a large lattice mismatch between the perovskite LSMO manganite 
and hexagonal ZnO, few reports are available on the p-n junctions formed using them 
with excellent rectifying characteristics [11 – 14] and magnetic field dependent transport 
properties [15, 16]  
For fabricating manganite based thin film devices, various single crytalline 
substrates are used out of which, the most widely used one is SrTiO3 (STO). Undoped 
STO is an insulator at room temperature (RT) [17]. Conducting doped-STO is of 
technological interest [18, 19] since it can be used as an electrode with the help of which, 
transport properties of the manganites can be tuned [20]. Nb doping in STO (SNTO), 
makes it conducting, which can be used to fabricate some fascinating devices with 
multilayered structures, such as semiconductor / insulator / semiconductor (S / I / S), 
metal / insulator / metal (M / I / M) and superconductor / normal metal / superconductor 
(S / N / S) junctions [21]. 
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Several reports exist on the heterostructures, p-n junctions and tunnel junctions 
fabricated using LSMO manganite with varying stoichiometric proportions of the 
divalent Sr dopant deposited on conducting SNTO substrates [22 – 25] using p-type 
La0.9Sr0.1MnO3 manganite and n-type SrNb0.01Ti0.99O3 substrate are found to exhibit a 
positive magnetoresistance (MR) at low temperature and RT in presence of applied 
magnetic field having strong dependence of MR on the voltage, temperature and field 
[22]. Han et al have reported various transport mechanisms (temperature and field 
dependent I-V curves) of p-La0.9Sr0.1MnO3 / n-SrNb0.01Ti0.99O3 junction, using various 
models such as drift-diffusion mechanism, inter-band zener tunneling theory and trap 
assisted tunneling model [23]. The behavior of leakage current under reverse bias in the 
p-La0.9Sr0.1MnO3 / n-SrNb0.01Ti0.99O3 junction has been studied using interband tunneling 
current model [24]. Moreover, interesting high temperature positive MR and signature of 
MR in the La0.9Sr0.1MnO3 / SrNb0.01Ti0.99O3 heterostructure has been understood on the 
basis of phase seperation, interface effect and electronic phases present in the 
La0.9Sr0.1MnO3 [25]. 
However, to best of our knowledge, no reports exist on the fabrication and studies 
on the field effect devices based on manganites and ZnO. Zhao et al have reported a 
ferroelectric field effect transistor using Pb (Zr0.2Ti0.8) O3 (PZT) gate and La0.8Ca0.2MnO3 
(LCMO) on Si substrate, showing a square channel resistive ferroelectric hysteresis loop 
[26]. Ferroelectric field effect transistor (FeFET) based on LCMO / SbSI (antimony 
sulphate iodide) heterostructure behaves like a non-volatile memory element having a 
maximum channel modulation of ~ 10% at RT, and the switching voltage < 2V [27]. 
In this chapter, an attempt has been made to study the heterostructured device 
consisting of ZnO and LSMO manganite on single crystalline conducting 
SrNb0.001Ti0.998O3 (SNTO) substrate in the form of thin films grown using Pulsed Laser 
Deposition (PLD) technique. The device can be considered as the combination of the two 
back to back p-n junctions (ZnO / LSMO and LSMO / SNTO). LSMO manganite layer 
with thicknesses ~ 10 and 20 nm is used in order to obtain the field effect configuration, 
while the thickness of top ZnO layer is ~ 50 and 20 nm. Four heterostructures having 
different thicknesses of LSMO and ZnO layers namely - 
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LSMO 10nm & ZnO 50nm – L51 
LSMO 20nm & ZnO 50nm – L52 
LSMO 10nm & ZnO 20nm – L21 
LSMO 20nm & ZnO 20nm – L22 
are shown as schematic representation in fig. 5.1.  
 
 
 
Fig. 5.1 CPP geometry of transport measurements on heterostructures 
 
5.2 Experiemental Details 
Well characterized La0.7Sr0.3MnO3 (LSMO) and ZnO targets (20mm diameter) 
were used to deposit LSMO films (with suitable masking for ZnO deposition), having 10 
and 20nm thicknesses, on SrNb0.002Ti0.998O3 (SNTO) (100) single crystalline substrates 
using Pulsed Laser Deposition (PLD) technique. A 248nm KrF excimer laser was used to 
ablate the targets. The parameters used for the deposition are given in the table below – 
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Table 5.1 Thin film deposition parameters (Pulsed Laser Deposition technique) 
 
 
 
 
 
Single phasic nature of the heterostructures was confirmed by carrying out the 
XRD θ-2θ as well as φ-scan measurements at RT. The surface morphology of the 
heterostructures was studied by AFM measurements. Transport properties were 
investigated by taking the I-V measurements across n (ZnO) - p (LSMO) and p (LSMO) - 
n (SNTO) junctions of all the heterostructures, in the temperature range 5 – 300K under 
the 0 – 8T fields using four probe technique. Temperature dependent resistance studies 
were carried out using physical property measurement system (PPMS, Quantum Design) 
in the temperature range 2 – 400K. Also field effect characteristics of the heterostructures 
were obtained at RT under 0T field. 
 
 
 
 
 
 
 
 
 
 
Laser used   KrF Excimer 
Targets   LSMO & ZnO; Polycrystalline bulk 
Substrates   SrNb0.002Ti0.998O3; Single crystalline (100) 
Laser energy   ~ 220mJ/cm2 
Repetition rate   10Hz 
Substrate temperature  750°C - LSMO, 600°C - ZnO 
Oxygen partial pressure 300mTorr
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5.3 Structural Properties 
XRD patterns of all the heterostructures studied are shown in fig. 5.2. 
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Fig. 5.2 Typical XRD patterns of all the four heterostructures 
 Inset: Enlarged view of 46o peak 
 
All the four heterostructures show a-axis oriented single crystalline epitaxial 
growth of LSMO onto SNTO (100) substrate with lattice mismatch between LSMO film 
and SNTO substrate evident from the positional difference between film and substrate 
peaks at ~ 23o and 46o [enlarged view of 46o peaks shown in the inset of fig. 5.2]. The 
calculated values of structural strain (tensile strain in all the heterostructures) for the 
presently studied heterostructures are given in Table 5.2. For L51 and L52, the strain 
values are ~ 0.172 and 0.130%, respectively, while for L21 and L22 heterostructues, the 
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strain values are ~ 0.248 and 0.148% respectively. The lower value of the strain in the 
20nm films (of L52 and L22) is due to the strain relaxation at the interface due to 
comparatively prolonged annealing time during the film deposition leading to better 
crystallinity and hence formation of less strained interface [29]. 
 
Table 5.2 Values of Strain (δ) between the LSMO and SNTO interface, FWHM and 
Particls size (PS) for the heterostructures 
Heterostructure Strain δ (%) FWHM PS (nm) 
LS51 0.172 0.0413 12 
LS52 0.130 0.0286 18 
LS21 0.248 0.0342 11 
LS22 0.148 0.0297 16 
 
FWHM of LSMO films grown on SNTO substrates varies between 0.02o to 0.04o, 
indicating the better crystalline quality of the heterostructures. The values of particle size 
(of LSMO), determined using XRD plots (by considering all the LSMO peaks) by 
employing Scherrer’s formula, PS = [(0.9 × λ) / (FWHM × cos θ)], are ~12 and 18 nm 
for L51 and L52 heterostructures, respectively, while for LS21 and L22, they become 
~11 and 16 nm, respectively. An overall intensity of the XRD peaks and particle size 
increases while FWHM is suppressed with LSMO layer thickness indicating an improved 
crystallinity. Additionally in, all heterostructures, at 2θ ~ 56o, ZnO peak can be clearly 
seen indicating, polycrystalline growth of ZnO on LSMO / SNTO films. 
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Fig. 5.3 XRD φ-scan pattern of LSMO film of L51 heterostructure 
 
Fig. 5.3 shows a typical XRD φ-scan of LSMO film on SNTO substrate for L51 
heterostructure, performed by titling the specimen in (101) direction from (200) specimen 
crystal plane. Full scan was done by rotating the heterostructure about the surface normal 
from 0o to 360o keeping the value of 2θ and χ (45o for LSMO) constant. φ-scan pattern 
shows the four sharp peaks of LSMO, each separated by 90o, confirming the cubic 
symmetry and epitaxial growth of LSMO layer on SNTO substrate. 
 
5.4 Microstructural Properties 
In order to study the surface morphology and observe the grain growth in the 
presently studied heterostructures, the AFM micrographs (of all the three layers) were 
obtained on all the four heterostructures (fig. 5.4). 
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Fig. 5.4 Typical AFM micrographs of ZnO, LSMO and SNTO layers of (a) L51, (b) 
L52, (c) L21 and (d) L22 heterostructures 
 Inset: 3-D images of respective AFM micrographs 
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Table 5.3 Values of rms roughness and average grain size for all the heterostructures 
Heterostructure 
Layers 
ZnO layer LSMO layer 
rms 
Roughness
(nm) 
Average 
Grain Size 
(nm) 
rms 
Roughness
(nm) 
Average 
Grain Size 
(nm) 
L51 18.75 116.53 0.35 60.77 
L52 36.12 804.35 1.76 76.71 
L21 4.97 124.00 1.07 45.09 
L22 35.87 412.01 2.38 168.29 
 
The AFM micrographs were collected on all the three layers of the 
heterostructures. The values of the rms roughness and average grain size are tabulated, 
separately for both, ZnO and LSMO layers, for all the four heterostructures in Table 5.3. 
The AFM image of SNTO reveals homogeneously distributed island structure resulting 
into the island growth of the LSMO and hence ZnO onto the SNTO. It can be seen that, 
with increasing LSMO film thickness, rms surface roughness and average grain size 
increases for ZnO and LSMO layers confirming the island like grain growth. In addition, 
it is reported that, island growth leads to highly non-uniform distribution of strain in the 
structure which may be responsible for the modifications in the transport [40]. 
 
5.5 Electrical Transport Properties (Temperature Dependence of Resistance) 
Fig. 5.5 shows the temperature dependence of junction resistance measured across 
LSMO / SNTO and ZnO / LSMO junctions for (a) L51 and (b) L52 heterostructures 
under zero applied field in the temperature range 5 – 300K using the current 
perpendicular to plane (CPP) mode of transport measurements (shown in the figure). 
Inset figures show the current in plane (CIP) mode of transport measurement of 
resistance as a function of temperature under 0 and 8T in the same temperature range. 
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Fig. 5.5 Temperature dependence of junction resistance measured across LSMO / 
SNTO and ZnO / LSMO interfaces of (a) L51 and (b) L52 heterostructures in 
CPP mode under 0T 
 Inset: R - T plots under 0 and 8T fields obtained across LSMO layer in CIP 
mode for (a) L51 and (b) L52 
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Fig. 5.6 Temperature dependence of junction resistance measured across LSMO / 
SNTO and ZnO / LSMO interfaces of (a) L21 and (b) L22 heterostructures in 
CPP mode under the field of 0T 
 Inset: R - T plots under 0 and 8T fields obtained across LSMO layer in CIP 
mode for (a) L21 and (b) L22 
V - 13 
 
Studies on Fabrication and Testing of Manganite Based Field Effect Devices 
 
LSMO manganite exhibits large metal to insulator transition temperature, TP, ~ 
360K [8] due to its large one electron bandwidth. In the presently studied L51 
heterostructure, up to low temperature, the junction resistance increases sharply with 
decrease in temperature indicating the absence of TP in both the R – T plots obtained 
under 0T [fig. 5.5 (a)]. This can be understood as – during the deposition, at the LSMO / 
SNTO junction interface, oxygen vacancies are generated which results into the charge 
ordered (insulating) cluster formation along with the metallic conducting channels [31].  
The observation of the insulating nature in the transport behavior of the LSMO 
film can be attributed to – in lower LSMO/SNTO junction due to substate film strained 
interface and in upper ZnO/LSMO junction the structural disorder effect at the interface. 
As shown in fig. 5.5 (b), both the junctions exhibit metal (dR / dT > 0) to 
insulator (dR / dT < 0) transition at TP. LSMO / SNTO shows the TP ~ 120K which 
becomes 64K for ZnO / LSMO junction under 0T field. The resistance is suppressed 
when LSMO film thickness increases from 10nm (L51) to 20nm (L52) which can be 
attributed to the improved crystallinity and reduced strain at the interface. In addition, 
during the deposition, the large annealing time duration of LSMO film with thickness ~ 
20nm results into the improved interface. In 20nm LSMO film of L52 heterostructure, 
there is a possibility of the charge ordered cluster formation coexisting with the metallic 
channels in the film which is reflected in the TP value which is far from 360K. 
Studies on the other set of heterostructure, having ~ 20 nm thick ZnO and 10 nm 
thick LSMO (L21), show that, LSMO/SNTO junction exhibit TP ~ 79K while, TP ~ 89K 
is exhibited by ZnO/LSMO junction [fig. 5.6 (a)] under zero applied field. With increase 
in LSMO film thickness from 10nm (L21) to 20nm (L22), the resistance, across both the 
junctions, is reduced throughout the temperature range studied [fig. 5.6 (b)] which can be 
ascribed to the reduction in the interface strain, improved crystallinity and annealing 
effect on the interface. As discussed above, in both, L21 and L22, heterostructures, the 
junction resistance of the LSMO / SNTO interface is larger as compared to across ZnO / 
LSMO junction because of the strain free interface between ZnO and LSMO. 
Insets of figs. 5.5 and 5.6 depict the temperature dependent variation in LSMO 
resistance obtained in CIP mode. It can be seen that, the resistance of LSMO layer is 
larger as compared to the LSMO/SNTO and ZnO/LSMO junctions in L21 and L22 
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heterostructures which can be understood as – the LSMO layer (10 and 20 nm thick) 
possess large structural strain having an appreciable effect of dead layer between 
LSMO/SNTO and ZnO/LSMO on the transport, leading to higher resistance in CIP 
mode. 
Three of the models namely (i) nearest neighboring hopping model [R = R0 exp 
(Ea/KT)] (not shown here) [32], (ii) small polaron conduction [R = AT exp (Ea/KT)] (not 
shown here) [33], (iii) SE type VRH model not shown here [34] and  (iV) Mott type VRH 
model [R = R0 exp (To/T)1/4] (shown in fig. 7) [35, 36] were tried to fit to semiconducting 
region under 0 and 8T fields. Linear fit to the ln R vs T-0.25 data suggests that, the zero 
field resistance (in semiconducting region) in LSMO film for all the heterostructures, 
obey Mott’s type VRH conduction and does not follow the small polaronic conduction or 
nearest neighboring hopping conduction. Fitting of the data using Mott type VRH model 
under various applied fields indicates a good agreement between the linear fit and 
semiconducting region suggesting that, the Mott type VRH model is obeyed by the 
semiconducting resistance behavior under all the fields studied. In Mott type VRH model, 
To is related to carrier localization length. The values of activation energy, at different 
fields calculated, using the equation, To = E/K, where E is the activation energy and K is 
Boltzmann constant (8.617 × 10-5 eV/K) are shown in the respective figures [figs. 5.7 (a) 
- (d)]. It can be seen that, the activation energy decreases with increasing field for 20nm 
thickness LSMO films suggesting that, the localization length is suppressed, favoring the 
hopping of charge carriers with the increasing field. On the other hand, activation energy 
increases with field for the 10 nm LSMO films (in L51 and L21), which can be due to the 
field induced modifications in the energy band structure, which is also related to the 
presence of positive MR in all the heterostructures.  
V - 15 
 
Studies on Fabrication and Testing of Manganite Based Field Effect Devices 
 
10.5
11.0
11.5
12.0
12.5
0.28 0.35 0.42 0.49 0.56 0.63
8
9
10
11
12 6
7
8
9
10
0.28 0.35 0.42 0.49 0.56 0.63 6
7
8
9
10
 Activation
   Energy
5.37K (0T)
6.71K (8T)
 
   (a) L51
 CIP Mode
     0T
     8T
ln
 R
 (K
Ω)
Activation
   Energy
4.58K (0T)
6.56K (8T)
   (c) L21
 CIP Mode
     0T
     8T  
 
ln
 R
 (K
Ω)
T-1/4 (K-1/4)
Activation
   Energy
2.20K (0T)
0.58K (8T)
 
 
ln R (KΩ
)
  (b) L52
 CIP Mode
     0T
     8T  
Activation
   Energy
1.46K (0T)
1.42K (8T)
 
 T-1/4 (K-1/4)
ln R (KΩ
)
   (d) L22
 CIP Mode
     0T
     8T  
 
Fig. 5.7 Plots of fitting of resistance (CIP mode) data to ln R vs T-0.25 under 0 and 8T 
fields for (a) L51, (b) L52, (c) L21 and (d) L22 heterostructures 
 
5.6 Magnetotransport Properties (Field Dependence of Resistance) 
In order to understand the magnetotransport properties of the heterostructures, 
studied, and to explore the variation of MR with field, MR vs H isotherms were obtained 
at 200 and 300K in the fields up to 8T, across ZnO / LSMO and LSMO / SNTO junctions 
(fig. 5.8). It can be seen from figures that, 300 K, both the junctions of all the 
heterostructures exhibit large positive MR [figs. 5.8 (a) and (c)], while at 200K 
conventional negative MR effect is exhibited [figs. 5.8 (b) and (d)]. At RT, L22 
heterostructure exhibit maximum positive MR ~ 70 and 64% across LSMO / SNTO and 
ZnO / LSMO interfaces, respectively, indicating a better field sensitivity whereas, it 
exhibit a small negative MR (~ -3%) at 200 K. 
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Fig. 5.8 MR vs H isotherms obtained across LSMO / SNTO (a) 300K and (b) 200K 
and ZnO / LSMO (c) 300K and (d) 200K 
 
L51 and L52 heterostructures exhibit MR ~ 16% at RT while at 200K, these both 
the junctions exhibit higher MR values ~ -21 and -36%, respectively, at 8T field.  
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5.7 Transport Properties (Current – Voltage Characteristics: Temperature and 
Field Dependent) 
I-V plots (in CPP mode) of LSMO / SNTO and ZnO / LSMO junctions of all the 
four heterostructures, at 5 and 300K under 0 and 8T applied fields are shown in figs. 5.9 
to 5.12. The positive voltage bias is defined by the current flow from LSMO to SNTO 
(ZnO) at LSMO / SNTO (ZnO / LSMO) junction, while reverse bias is defined as the 
current flow from SNTO (ZnO) to LSMO at LSMO / SNTO (ZnO / LSMO) junction [VC 
and Vd denotes the values of saturation voltage and breakdown voltage under positive and 
reverse bias conditions, respectivley]. All the junctions exhibit good rectifying behavior 
at 5 and 300K under 0 and 8T fields. At 5K, LSMO / SNTO junction of L51 and L52 
heterostructures show a sharp decrease in current at a voltage (Vd) during reverse bias 
mode while broad increase in current with voltage (at VC) is observed in forward bias 
condition. However, an opposite behavior – i.e. sharp rise in current at VC in forward bias 
and broad increase in current at Vd in reverse bias mode has been observed at 300K for 
LSMO / SNTO junction of L51 and L52. ZnO / LSMO junction of L21 and L22 
heterostructures, exhibit sharp increase (in forward bias mode) and decrease (in reverse 
bias mode) in current at VC and Vd, respectively. Field dependent I-V curves (for all the 
heterostructures) reveal that, at 5K, on the application of field (8T), the current increases 
while at 300K, it decreases, indicating the presence of conventional negative MR at 5K 
and positive MR at 300K. This observation supports the findings from MR-H isotherm 
(section 5.6). Observed increase in current with magnetic field is ascribed to the field 
induced opening of metallic channels at low temperature which in turn results into the 
reduction in resistance (i.e. increase in current flow). On the other hand, the reduction in 
current with field at 300K can be attributed to the field induced weakening of Hund’s rule 
which results into the enhancement in resistance (reduction in current flow) by modifying 
the Mn-electron energy states. 
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Fig. 5.9 I-V plots of LSMO / SNTO (p-n) junction of L51 and L52 heterostructures at 
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(a) 5K and (b) 300K under 0 and 8T fields 
V - 20 
 
Studies on Fabrication and Testing of Manganite Based Field Effect Devices 
 
5.8 Room Temperature and Zero Field – Field Effect Device Characteristics of 
L51 Heterostructure 
Reports exist, on the explanation of electric field dependent transport behavior 
across the interfaces of manganite based p-n junctions [37-41]. Initial experiments on 
manganite-titanate based films were carried out on typical field effect transistor (FET) 
structures [38 – 41]. It was understood later (proposed by Ogale et al [38] and Tabata et 
al [40], and demonstrated by Thiele et al [42]) that, piezoelectric strain might additionally 
influence the observed resistance modulations as a function of field. The field effect is 
observed in a dielectric gate electrode (SrTiO3) structure [38]. It reports a shift in TP of 
Nd0.7Sr0.3MnO3 by a few Kelvin and Resistance modulation of several percent under an 
electric field of E ~ 50 kVcm−1, referred to as ‘electroresistance’ (in analogy to MR). 
Interestingly, the field effect did not show a clear dependence on the sign of the applied 
voltage but appeared to depend rather quadratically on the gate voltage leading to the 
strain effects. In 1997, a huge hysteretic resistance of ~ 300% at 300K has been reported 
for another alloxide based FET of Pt / PbZr0.2Ti0.8MnO3 / La0.7Ca0.3MnO3 / LaAlO3 where 
a FE gate layer of PbZr0.2Ti0.8MnO3 (PZT) was employed [39]. The remnant states had a 
retention loss of few percent within an hour, indicating potential as non-volatile 
multiferroic memory. In 2001, Wu et al [41] reported another observation of large R 
modulation (up to 100% at 300K); their FET device had a different stacking sequence – 
La0.7Ca0.3MnO3 / PbZr0.2Ti0.8O3 / Nb (1 at%) doped STO. Further manganite channels 
using Nd0.7Sr0.3MnO3, La0.7Ba0.3MnO3 and La0.5Ca0.5MnO3 showed lower R modulation 
of few percent [38]. Later experiments [42 – 46] have reported R modulations of smaller 
magnitude. Hong et al [43] investigated a FET structure of Au / PZT / La0.8Sr0.2MnO3 
(4nm) / SrTiO3 and obtained a room temperature resistance ratio of 1.28. Kanki et al [44] 
investigated FET structures of Au / PbZr0.2Ti0.8O3 / La1−xBaxMnO3 / SrTiO3 (x = 0.1 and 
0.15) with narrow manganite layers of ~ 6nm fabricated using pulsed laser deposition. 
They reported complete hysteresis loops of channel resistance versus gate voltage and 
demonstrated its commensurate nature with ferroelectric effect. Zhao et al [45] reported a 
FET device with a La0.8Ca0.2MnO3 channel grown on Si (using SrTiO3 / Si epitaxy). 
Moreover, rise in TP of manganite due to the modifications in the junction resistance on 
the application of electric field has been reported [46]. 
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In general, the observed field effects in manganites depending on temperature, 
applied fields, chemical composition, nature of the manganite based interface, etc are yet 
to be fully explored. Based on these observations, an attempt is made to study the effect 
of electric field (bias voltage) on the interface region (junction resistance) as well as the 
I-V behavior across the junction interface, of the LSMO manganite layer in L51 
heterostructure at room temperature (300K) and zero applied field. 
Fig. 5.13 shows the variation in resistance of the LSMO layer (10 nm) when (i) 
ZnO is negatively biased and SNTO is positively biased [circuit (i)] and (ii) ZnO is 
positively biased and SNTO is negatively biased [circuit (ii)] for L51 heterostructure 
obtained at 300K under zero applied field. It can be seen that, the layer resistance 
increases with increasing voltage in the lower field region (≤ 1V) above which it 
decreases with increase in the voltage [circuit (i)], indicating the electric field induced 
modifications in the LSMO manganite layer and its electronic band structure (similar to 
the magnetic field effect as observed from MR isotherms and I-V measurements), similar 
to the reports by K.X. Jin et al [42]. On other hand, the resistance increases with 
increasing voltage throughout the voltage range studied under circuit (ii) configuration. 
The decrease in resistance during circuit (i) configuration is due to the negatively biased 
ZnO (positively biased SNTO), electrons move towards the ZnO/LSMO interface which 
results in enhancement in the electron density of states and hence resistance decreases. 
The opposite scenario is observed during circuit (ii) configuration when ZnO is positively 
biased (negatively biased SNTO). The voltage modulated resistance variation of the 
LSMO under the zero applied field at 300K and the observation of the non-linearity in 
the I-V curves (fig. 5.10) indicates the presence of the ER effect in L51 heterostructure. 
Voltage dependent variation in electroresistance ER [calculated using ER (%) = {(RV – 
RV0) / RV0} × 100] for L51 heterostructure under 0T field at RT, is shown in fig. 5.14. 
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Fig. 5.13 R vs V plots obtained across (10nm) LSMO manganite layer in L51 
heterostructure using circuit (i) and (ii) at 300K under 0T  
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Fig. 5.14 ER vs V plots for (10nm) LSMO manganite in L51 heterostructure using 
circuit (i) and (ii) at 300K under 0T  
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It can be clearly seen that, under circuit (i) condition, slight positive ER (in lower 
voltage region) is exhibited which becomes negative and increasing under higher applied 
voltage. Crossover of ER from negative to positive, takes place at ~ 1V. Under circuit 
(ii), condition, positive ER exhibited by device increases with voltage indicating the 
voltage  modulation in the transport behavior. 
Considering another possibility of biasing, where in, ZnO and SNTO, both,  are 
negatively biased [circuit (a) – fig. 5.15], it is observed that, the resistance of the LSMO 
layer decreases with increase in the applied voltage, as shown in fig. 5.15. 
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Fig. 5.15 R vs V plots carried out across 10nm LSMO manganite layer in L51 
heterostructure using circuit (a) and (b) at 300K under 0T field 
This decrease in resistance of LSMO is more pronounced under the negative bias 
supplied to ZnO and SNTO. For the second possible geometry, i.e. when ZnO and 
SNTO, both, are simultaneously positively biased [circuit (b)], the resistance increases 
with voltage and the increase in the resistance is large indicating interface effects in the 
heterostructure under study. 
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In order to understand voltage induced modifications in resistance, the ER as a 
function of voltage has been calculated and shown in fig. 5.16. Maximum negative ER ~ 
100% [circuit (a)] and positive ER ~ 2860% [circuit (b)] has been observed under the 
applied voltage of ~ 4.5V indicating the large field sensitivity of the heterostructure. 
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Fig. 5.16 ER vs V plots calculated for (10nm) LSMO manganite in L51 heterostructure 
using circuit (a) and (b) at 300K under 0T  
Considering the transistor like structure of the presently studied L51 
heterostructure, some more circuit configurations were studied and I-V characteristics at 
300K under zero field were obtained across (10nm) LSMO layer. In the following 
discussion, LSMO layer is considered as drain and source (i.e. p-channel) while ZnO and 
SNTO acts as gate, in the FET structure. Various circuits and bias configurations were 
studied, as below – 
[A] In this configuration, SNTO acts as gate and depending on the voltage applied 
across LSMO (source) and SNTO (gate), VGS, I-V characteristics (ID vs VDS) four 
different gate voltages (VGS = E=-0.5 -3 V) were obtained using the circuit as shown in 
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fig. 5.17. It can be seen that, ID increases with VDS in a non-linear fashion. Also with 
increasing VGS, ID, increases depicting electric field, E (applied bias voltage across 
LSMO / SNTO junction), dependent I-V characteristics of L51 heterostructure at 300K 
under zero applied field. 
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Fig. 5.17 I-V characteristics obtained across LSMO manganite layer of L51 
heterostructure for various VGS at 300K under 0T 
 Inset: Circuit configuration for I-V measurements 
[B] In this configuration, ZnO acts as a gate and depending on the voltage applied 
across LSMO (source) and ZnO (gate), the characteristics (ID vs VDS) for different gate 
voltages (VGS = E= 0.0-2.0) were obtained using the circuit shown in fig. 5.18. Similar 
nonlinear variation in ID for various VDS has been observed. Also, ID increase with VGS 
(E), having larger value as compared to the earlier bias configuration (fig. 5.17). This can 
be attributed to effect of the ZnO biasing, as I-V is measured across the LSMO surface.  
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Fig. 5.18 ID vs VDS plots obtained across LSMO for various VGS at 300K under 0T  
 Inset: Circuit configuration for I-V measurements 
 
[C] For understanding the effect of simultaneous biasing of the gate electrodes (ZnO 
and SNTO), on the I-V behavior across LSMO manganite, the following circuit 
configuration (fig. 5.19) was used. 
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Fig. 5.19 ID vs VDS plots obtained across LSMO for various VGS at 300 K under 0T 
 Inset: Circuit configuration for the I-V measurements  
 
In this, the ZnO and SNTO (n-type gates) were biased with negative VGS (E), 
while the variation in ID with VDS was measured across p-type LSMO channel. Fig. 5.14 
shows that, ID increases with VDS in non-linear manner, with large current variation 
having higher values as compared to earlier two configurations (figs. 5.17 and 5.18). This 
may be due to the simultaneous biasing of two gates, leading to enhanced carrier flow.  
[D] In the last circuit configuration used during the present study, the electric field (E) 
i.e. bias voltage was applied across LSMO layer (acting as source and drain) and the 
variation in ID as a function of VGS (voltage bias between n-type ZnO, SNTO and p-type 
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LSMO) was studied at RT under 0T. It can be seen from fig 5.20 that, for VGS=0, 
maximum ID flows through the LSMO while with increase in VGS for different VDS 
valules, ID decreases and becomes zero at particular value of VGS termed as VP (pinch -
off voltage). Fig. 5.21 shows the variation in VP with VDS, showing that the pinch off 
voltage increases (-VP) with the drain-source (LSMO) bias. 
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Fig. 5.20 ID vs VGS plots obtained across LSMO and ZnO, SNTO for various VDS 
voltages at 300K under 0T 
 Inset: Circuit configurations for I-V measurements 
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Fig. 5.21 Variation of VP with VDS from ID-VGS plots at 300K under 0T  
 Inset: Circuit configuration for I-V measurements  
 
Conclusions 
 To summarize, I have successfully fabricated manganite based 
ZnO/LSMO/SNTO heterostructures namely L51, L52, L21 and L22 using PLD technique 
and studied their transport and magnetotransport behavior alongwith the testing of their 
field effect property.XRD and φ - scan measurements (on L51) confirm the epitaxial 
growth of the p-type LSMO manganite on the SNTO substrate, while ZnO grows in 
polycrystalline manner on LSMO in all the four heterostructures. For L51 and L52, the 
strain values are ~ 0.172 and 0.130%, respectively, since the thickness of the LSMO 
increases from 10 to 20nm. Similar observation is found in L21 and L22 having the 
respective strain values ~ 0.248 and 0.148% which is due to the strain relaxation at the 
interface due to comparatively prolonged annealing time during the film deposition 
resulting into better crystallinity and less strained interfaces.  
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AFM micrographs taken on all the three layers of all the four heterostructures, 
reveal island like grain growth. AFM image of SNTO reveals homogeneously distributed 
island structure resulting into the island growth of the LSMO and hence ZnO onto the 
SNTO. Moreover with increasing LSMO film thickness, rms surface roughness and an 
average grain size increase for ZnO and LSMO layers confirming the island like grain 
growth in all the four heterostructures.  
From the R-T measurements, it is evident that in L51 heterostructure, the 
resistivity increases sharply with decrease in temperature indicating the absence of TP in 
both (LSMO/SNTO and ZnO/LSMO) the junctions. The insulating nature of the LSMO 
film becomes dominant over the metallicity due to the small thickness of the film and 
hence strong strain effect at the interface due to the lattice mismatch between the 
substrate and 10nm LSMO film resulting into the insulating nature. ZnO / LSMO shows 
the same R – T behavior which can be due to the strained thin film part of the LSMO 
contributing to the transport, only the resistance is lower across this junction interface, 
due to the structural disorder effect. In L52, both the junctions exhibit TP ~ 120K which 
becomes 64K for ZnO/LSMO. Resistance is suppressed when LSMO film thickness 
increases from 10nm (L51) to 20nm (L52). In L52 heterostructure, there is a possibility 
of the charge ordered cluster formation coexisting with the metallic channels in the film 
which is reflected in the TP value which is far from 360K. In L21 heterostructure, both 
the junctions exhibit TP ~ 79K (LSMO / SNTO) and 89K (ZnO / LSMO), indicating the 
dominant insulating clusters contributing to the transport in LSMO film.  
In the presently studied heterostructures, when comparing the CPP and CIP 
results of resistance measurements on LSMO junctions and LSMO layer (across ZnO), 
respectively, the resistance is high in CIP mode because in the 10 and 20nm LSMO films, 
two – strained and disordered – interfaces are present, in addition to not much 
homogeneous film part is available (only the dead layer part is large) which reduces the 
transport. LSMO films in all the four heterostructures exhibit semiconducting behavior. 
Fitting of Mott type VRH model under various applied fields indicating a good 
agreement between the linear fit and semiconducting region suggesting that, the Mott 
type VRH model is obeyed by the semiconducting resistance behavior under all the fields 
studied. The calculated values of activation energies at different fields, decreases with 
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increasing field for 20nm thickness LSMO films suggesting that, the localization length 
is suppressed, favoring the hopping of charge carriers with the increasing field. On the 
other hand, activation energy increases with increase in field for the 10 nm LSMO films 
(in L51 and L21), which can be due to the field induced modifications in the energy band 
structure, which is also related to the presence of positive MR in all the heterostructures. 
 MR vs H isotherms carried out at 200 and 300K in the fields up to 8T across ZnO 
/ LSMO and LSMO / SNTO junctions show that, both the junctions of all the four 
heterostructures exhibit large positive MR at 300K while at 200K they show conventional 
negative MR effect, which increases with increasing magnetic field.  Positive MR across 
both the junctions obtained at 300K can be attributed to the field induced modifications 
and weakening of the Hund’s rule for Mn-electron energy band structure, while negative 
MR can be due to the field induced modifications in the structural and magnetic disorder 
at the interfaces which in turn results into the negative MR at 200K.  
All the junctions of the four heterostructures exhibit a good rectifying behavior at 
5 and 300K under the field of 0 and 8T fields. At 5K, LSMO / SNTO junction of L51 and 
L52 heterostructures show the sharp decrease in current at a voltage (Vd) during reverse 
bias mode while broad increase in current with voltage in forward bias region. The 
opposite can be seen at 300K for LSMO / SNTO junction of L51 and L52 
heterostructures. Magnetic field dependent I-V curves (all heterostructures) reveal the 
fact that, at 5K, on the application of magnetic field of 8T, the current increases while at 
300K, it decreases indicating the presence of conventional negative MR at 5K and 
positive MR at 300K, which also supports the observations from MR isotherms. 
Observed increase in current with magnetic field is ascribed to the field induced opening 
of metallic channels at low temperature which in turn results into the reduction in 
resistance (i.e. increase in current flow). On the other hand, the reduction in current with 
field at 300K can be attributed to the field induced weakening of Hund’s rule which 
results into the enhancement in resistance (reduction in current flow) by modifying the 
Mn-electron energy states.  
The field effect characteristics of L51 heterostructures were studied at RT and 0T 
field. When (i) ZnO is negatively biased and SNTO is positively biased and (ii) ZnO is 
positively biased and SNTO is negatively biased, R-V measurements were obtained for 
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L51 heterostructure at 300K under 0T, indicationg an increase in layer resistance with 
increasing voltage in the lower field region below which it decreases sharply with 
increase in the voltage due to the electric field induced modifications in the LSMO 
manganite layer and its electronic band structure. The increase in resistance has been 
attributed to, when the ZnO is negatively biased, the electrons are moving toward the 
ZnO / LSMO interface resulting into the enhancement in the electron density at the 
LSMO surface (of ZnO / LSMO interface), hence resistance decreases. The non-linearity 
in the I-V curves indicates the presence of the ER effect in the heterostructure. An 
enhancement in positive ER, increase in negative ER and cross over from positive to 
negative ER at a particular voltage ~ 1V is observed [ZnO negative and SNTO positively 
biased], while for reverse polarities, positive ER continuously increases with voltage 
indicating the voltage modulation in the transport. Maximum negative ER ~ 99% has 
been observed at ~ 3.5V. When ZnO/SNTO are negatively biased with respect to LSMO, 
the maximum negative ER ~ 100% and with reverse polarities, positive ER ~ 2860% is 
observed at ~ 4.5V, respectively indicating the large field sensitivity of the 
heterostructure.  
Moreover from the transistor like characteristics obtained for the L51 
heterostructure, from the test [A] SNTO works as a gate and depending upon the applied 
voltage across LSMO and SNTO, the I-V characteristics (ID vs VDS) has been performed 
for various applied current (VGS = E) across LSMO and SNTO showing, ID increases 
with VDS. With increasing VGS, the current, ID, increases depicting the electric field 
dependent I-V characteristics. 
From test [B], it is evident that ZnO works as a gate and depending upon the 
applied voltage across ZnO and LSMO, the I-V characteristics (ID vs VDS) has been 
observed for various applied currents (VGS = E) across LSMO and ZnO. 
On considering the simultaneous effect of two gates [C] (ZnO and SNTO), shows 
the non-linear nature of the I-V curves. Similar to the earlier tests, the current increases 
with increasing voltage VGS and specifically, the current variation with VGS is larger than 
that observed in earlier tests mainly due to the simultaneous effects of two shorted gates. 
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From test [D], the transfer characteristics of the FET are observed, the current (ID) 
decreases with increasing negative voltage (VGS) and finally becomes zero at a particular 
voltage termed as VP. 
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Scope for the Future Work 
 
During the course of present work, an effort has been made to synthesize and 
characterize ZnO-Manganite based p-n junction heterostructures using Pulsed Laser 
Deposition (PLD) Technique. Temperature, magnetic field and thickness dependent 
electrical transport and magnetotransport measurements have been studied on ZnO / 
(LPSMO / LSMO) / SNTO heterostructues. Dependence of the I-V rectification 
characteristics, Magneto I-V and transport measurements on the temperature, field and the 
thickness of the p-type mangantie has been studied in detail. These heterostructures show 
conventional negative MR properties below room temperature. However, a positive MR 
effect has been observed in them at room temperature, which has been discussed in context 
of interface effect, phase seperation in manganites etc. Moreover by optimising the thickness 
of the p and n layer in the heterostructer the field efffect characteristics of heterostructures 
were studied at room temperature and 0T field. 
Some of the aspects presented in this thesis need further investigations such as - 
o It would be interesting to study in plane replica of these devices by fabricating them 
using some more sophiticated techniques such as Lithography or molecular beam epitaxy 
which would allow to study their properties for actual device purpose. 
o Also, the detailed transport mechanisms should be deduced in these heterostructures, 
making use of Hall measurements and TEM measurements, detailed band diagram of 
heterostructures should be understood. 
o It would be a proper effort to synthesize the field effect devices by optimizing the 
thicknesses of the p and n layers as well as testing of these devices as transistors and the 
modifications in them as a function of temperature, magnetic field and their thickness. 
o The XPS studies on these heterostructures would be useful in carrying out the detailed 
analysis of the Mn valence band, with the help of which a band diagram of the interface 
region can be studied. 
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